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I. INTRODUCTION 
Nucleophilic substitutions at a saturated carbon atom are hetero-
lytic reactions represented by the general equation (1-1). 
y + RX YR +X (1-1) 
The net change in such reactions may be described as follows. A 
group X originally bound to carbon atom is displaced by a basic reagent 
Y with transfer of a pair of electrons from Y to the reaction center, 
and from the reaction center to X. Thus, there is a net transfer of one 
electron from Y to X through R of RX. Typical examples of nucleophilic 
substitution are the following 1 
The Finke lstein reaction: 
Cl + RBr RCl + Br 
The alkylation of amines and sulfides, Menschutkin reaction: 
The Hoffman degradation: 
HO- + R'NR
3
+ 
R'NR + + Br 3 
The synthesis and hydrolysis or alcoholysis of alkyl halides: 
- + Br + ROH2 
R'O + RX R'OR +X 
R' H for hydrolysis; 
(1-2) 
(1-3) 
(1-4) 
(1-5) 
(1-6) 
R' alkyl group for Williamson ether synthesis . and the 
reaction of alkyl halides with cyanide and with active hydrogen compounds 
1. E. S. Gould, "Mechanism and Structure in Organic Chemistry," 
Henry Holt & Co., New York, 1960, pp. 250-313. 
1 
2 
like acetoacetic acid and malonic ester. 
Equation (1-1) is independent of the charge on the reactants. It 
is possible for both Y and RX to be ionic or both non-ionic or only one 
of them to be ionic. 
Various pictures 1 as to the mechanism of substitution at a saturated 
carbon atom have .been offered. One suggested model involved the formation 
of an addition complex, followed by ejection of the displaced group; 
another involved simultaneous addition of the reagent and ejection of the 
displaced group. The latter mechanism was restated in electronic terms. 
A somewhat different model postulated a prior dissociation to a reactive 
intermediate which was subsequently captured by the reagent. 
2 Hughes and Ingold made a detailed study of the mechanisms of sub-
stitution and two extreme models were confirmed, differing in the timing 
of the bond-making and breaking-steps, and therefore in the transition 
state. In the first one, nucleophilic attack on carbon and displacement 
of X are simultaneous and one molecule of each is involved in the transi-
tion state. Such reactions are bimolecular and are termed SN2 reactions. 
The SN2 mechanism may b e wr itten as 
Y+R-X~ i+ - - - R - - - X~- (1- 7) 
where Y attacks .on the side opposite to that of X. This backside attack 
at an asymmetric carbon atom gives an inversion of configuration at the 
reaction center. 
1. C. K. Ingold, "Structure and Mechanism in Organic Chemistry, 11 
Cornell University Press, Ithaca, New York, 1953, pp. 43-50, 306-418. 
2. E. D. Hughes, C. K. Ingold and C. S. Patel, J. Chern. Soc., 526 
(1933); . E. D. Hughes and C. K. Ingold, ibid., 1571 (1933); J. L. Gleave, 
E. D. Hughes and C. K. Ingold, ibid., 235 (1935); E. D. Hughes and C. K. 
Ingold, ibid., 244 (1935); E. D. Hughes, ibid., 255 (1935); E. D. Hughes, 
F. Juliusberger, S. Masterson, B. Tapley and J. Weiss, ibid., 1525 (1935). 
3 
In the predissociation mechanism, dissociation is assumed to be a 
slow step and the transition state does not contain Y, but involves break-
ing of the R-X bond. An unstable intermediate called a carbonium ion, 
R+ is rapidly converted into products. Such reactions are unirnolecular 
and are called SNI reactions, e.g., 
R-X +X (1-8) 
fast RY+ - ~ (1-9) 
The carbonium ion of an optically active compound attains a planar config-
uration during an SNl process . It can be captured with equal opportunity 
by a nucleophile approaching from either direction and hence an SNl 
substitution tends to lead to racemization derived from ionization at an 
asymmetric carbon atom. 
A large number of nucleophilic displacements involve ionic nucleo-
philes. In some such displacement reactions the second order rate constant 
decreases with an increase in total concentration of the ionophore 1 This 
effect is much more pronounced in non-aqueous solvents of low dielectric 
constant. The simplest approach to this problem is to assume that the 
free ions are very much more reactive than the ion pairs. Since the 
ionophore is more dissociated at lower concentrations, the second order 
rate constant decreases with increasing salt concentration. In some 
cases quantitative evaluation of the contribution of associated ion pairs 
to the overall rate constant has been carried out. It has been unequivo-
cally established that ion pairs act as feeble nucleophiles in certain 
1. R. M. Fuos9, J. Chern. Ed., 32, 527 (1955). Fuoss defines iono-
phores as substances which are ionic ~en in the solid state. They are 
different from ionogens whose crystal lattice contain molecules which 
interact with the solvent to generate ions. 
4 
cases. In general, whether or not ion pairs act as nucleophiles is still 
being debated. 
It has been observed that the reactivity of an anion is modified by 
its association with a counter ion. This depends upon solvation of ions 
and various kinds of electrostatic interactions. Thus, there is consider-
able doubt as to the way in which the nucleophilicity is modified. To 
resolve such problems, accurate measurements of the rate of reaction as 
well as the concentrations of the ions and ion pairs are necessary. 
1 
Rao has reported a study on the effect of ion pairing on the 
nucleophilic reactivity of bromide ion in liquid sulfur dioxide from 
these laboratories. The present investigation was undertaken (1) to 
investigate the way in which purely electrostatic association affects 
the nucleophilic reactivity of chloride ion and to compare it with that 
of bromide against a common substrate, (2) to compare the nucleophilici-
ties of "free" chloride and bromide ions with respect to a standard 
substrate. Thus, the kinetics of the substitution reaction between 
£-nitrobenzyl bromide and ionic chlorides labeled with chlorine-36 were 
measured in liquid sulfur dioxide at 0° C. 
(1-10) 
Three different ionophores, rubidium chloride, tetramethylammonium 
chloride and tetraethylammonium chloride, were used as nucleophilic 
reagents. The very small solubility of potassium chloride limited the 
study of this nucleophile to only one kinetic run. The concentration of 
1. N. N. Lichtin and K. N. Rao, J. Am. Chern. Soc., 83, 2417 (1961). 
5 
the ionophore was varied over a wide range. The order of reaction with 
respect to £-nitrobenzyl bromide was found to be unity by Rao. Therefore, 
the effect of the variation of its concentration on the reaction rate was 
not studied ex tensively in the present investigation. However, in the 
case of tetramethylammonium chloride the concentration of E-nitrobenzyl 
bromide was varied three-fold. 
The kinetic data could be best represented by two simultaneous second 
order reactions, one between E-nitrobenzyl bromide and free chloride ion 
and the other between E-nitrobenzyl bromide and the ion pair, e.g., 
(1-11) 
The specific rate constant for the free chloride ion is reasonably indepen-
dent of the nature of the cation within experimental errors. The ion pair 
reactivity is in the order KCl ~ RbCl <. (CH3) 4Ncl < (C 2H5) 4Ncl, when 
a (distance of closest approach of two ions) = q (Bjerrum) = 19.92 R for 
liquid 802 at 0° C. 
TABLE 1-1 
Rate Constants for the Exchange Reaction1 between £-Nitrobenzyl 
Bromide and MC1 36 at 0.00° C. 
MCl 
RbCl 
(CH3 )4NC1 
(C 2H5) 4NC1 
KC1 2 
kf X 10
5 
l.mole -l 
3.03 
3.22 
3.52 
(3. 26) 
k X 105 
-1 sec. 
-0.108 
-0.492 
-0.698 
-0.100 
k' f X 10
5 k' X 105 
l.mole- 1 sec. -1 
2.97 -0.017 
2.97 +0.434 
3.37 +0.640 
(3. 10) +0.014 
1. The unprimed quantities are for a (distance of closest approach of 
two ions) =sum of ionic radii, 3.29 R, for RbCl, 5.11 R for (CH3)4NCl, 
6.46 R for (C 2H5)4NCl, and 3.14 ~for KCl. The primed quantities are for 
a= q(Bjerrum) = 19.92 ~ for 802 at 0° C. 
2. For KCl, only one run was carried out and kf and ~ were calcu-
lated by taking the average value of kf for RbCl, (CH3)4NCl and (C2H5)4NCl. 
6 
The dissociation constant for tetramethy lammonium chloride in liquid 
sulfur diox ide is known at 0.29° C. Conductance measurements for potassium 
chloride, rubidium chloride, cesium chloride and tetraethy lammonium chlor-
ide in liquid sulfur diox ide were made at 0° C. and the dissociation 
1 
constants were calculated using Shedlovsky's method. 
The concentration of free ions in solution were calculated from the 
dissociation constant2 , eq . (1-12) and the Debye - Huckel equation3 , eq. 
(1-13). 
(1-12) 
where Kd is the dissociation constant, 
B is the concentration of the ionophore, 
a is the degree of dissociation, and 
y+ is the mean ionic activity coefficient of the ions. 
(1-13) 
where S and S' are constants, ~is the ionic strength and a is the dis -
tance of closest approach between the positive and negative ions . 
Ions have been assumed to b e uniformly charged spheres in the 
definition of a . Since ions are, in general, ne i ther spherical nor 
uniformly charged especially when solvated, the value that should be 
assigned to a is not known definitely4 It is generally taken as equal 
to the sum of the ionic or crystal radii of the ions. 
1. T. Shedlovsky, J . Franklin Inst., 225, 739 (1938). 
2. H. S. Harned and B. B. Owen, "The Physical Chemistry of Electroly-
tic Solutions," Reinhold Publishing Corp., New York, N.Y., 1958, 3rd ed., 
p. 72. 
3. Ibid., p. 66. 
4. R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," Academic 
Press, Inc., New York, 1959, 2nd Ed., pp. 82-86 and pp. 235-238. 
7 
1 Bjerrum theory takes into consideration the factors which determine 
the formation of ion pairs under the influence of Coulombic forces. Accord-
ing to this theory, the ions become paired long before (19.92 ~in liquid 
sulfur diox ide at 0° C. ) they approach the distance given by the sum of 
ionic radii. Such ions do not affect the ionic atmosphere around them. 
Thus, it is not justified to consider that the distance of closest approach 
is equal to the sum of ionic radii. In the present investigation, the mean 
ionic activity coefficients were calculated for each concentration of all 
the ionophores for the case of a= sum of ionic radii and a= 19.92 ~. 
Only in the case of tetramethylammonium chloride were the rate constants 
calculated as a function of the a value by systematically varying the 
value of a from a= 0 to a= 19.92 ~as in the previous study2 As a is 
increased the value of kf varies very little; k , however, changes from p 
negative to positive value. The value of kf is insensitive to the value 
of a and no best value of a could be ascertained. 
Comparison of results under similar conditions using ~-nitrobenzyl 
bromide as a substrate indicate that in liquid sulfur diox ide the order 
of nucleophilicity is Br ) Cl, which is in contrast to that observed in 
acetone and dimethylformamide. 
1. N. Bjerrum, Kgl. Danske Vidensk. Selskab., z, No. 9 (1926). 
2. N. N. Lichtin and K. N. Rao, J. Am. Chern. Soc., 83, 2417 (1961). 
II. A REVIEW OF PRIOR WORK ON THE EFFECT OF IONIC 
ASSOCIATION ON NUCLEOPHILIC SUBSTITUTION 
For reactions between neutral molecules and ionophores (ionic 
reagents), the second order rate constant increases with decrease in 
concentration of the ionophore, often reaching a limiting value at low 
concentrations. With increasing knowledge of the chemistry of electro-
lytic solutions, attempts have been made to explain this behavior in 
terms of ionic association. In concentrated solutions, particularly 
in media of low dielectric constant, there are more associated ions and 
fewer free ions. Therefore the second order rate constant is low com-
pared to its value in dilute solutions, where there are more free ions. 
A comprehensive review (up to 1960) on the kinetic effects of ionic 
1 
association has been presented by Rao For the convenience of readers, 
it is proposed to summarize his review very briefly, and supplement it 
with material published since 1960. 
A. Summary of the Review 
The increase in second order specific rate with decrease in con-
centration of ionophore in the formation of ethers was first reported in 
18902 . The results were explained by an empirical equation which was 
1. K. N. Rao, Ph.D. Dissertation, Boston University, 1960, pp. 
12-72. 
2. W. Hecht, M. Conrad and C. Bruckner, Z. Physikal Chern., 49, 
329 (1890). 
8 
9 
1 2-4 
also used some years later • Acree and his students studied this 
behavior extensively and interpreted their results by a "dual hypothesis," 
which can be represented essentially by eq. (2-1). 
kobsd 
2 k (1-o:) p (2-1) 
where kf and kp are specific rates for free ions and associated species, 
respectively, and a: is the degree of dissociation. Conductivity measure-
ments were used for the first time to determine the degree of dissociation 
(a: = ~/.Ao- , where A= the equivalent conductance and ~ = the limiting 
equivalent conductance). Although the hypothesis was rejected by Bronsted5 , 
who regarded it as based on "a misunderstanding of salt effect," Acree's 
success in explaining the data was so great that he reinterpreted the data 
of several workers and subsequently the "dual hypothesis" became accepted 
6-8 by a number of researchers • 
In most of the cases cited above, the contribution of the associated 
ions or "undissociated molecules" to the rate of second order reac-
tion was either very small or zero, as compared to the contribution 
1. D. Segaller, J. Chem. Soc., 1154, 1421 (1913). 
2. s. F. Acree and H. c. Robertson, J. Am. Chem. Soc., rz_, 1902 
(1915). 
3 . s. F. Acree and J. H. Shrader, J. Chem. Soc., 2582 (1914). 
4. s. F. Acree and E. K. Marshall, J. Phys. Chem., .1.2, 589 (1915). 
5. J. N. Bronsted and E. A. Guggenheim, J. Am. Chem. Soc., 49' 
2554 (1927). 
6. P. J. Hardwick, J. Chem. Soc., 141 (1935). 
7. s. s. Woolf, J. Chem. Soc., 1172 (1937). 
8. J. A. Mitchell, J. Chem. Soc., 1792 (1937). 
of the free ions. 1 Recalculation of Acree's data by Brandstrom , using 
refined methods for the determination of a showed that the associated 
10 
ions had very little reactivity. However, these studies brought several 
facts to light. First, that in certain types of reactions associated 
ions do react but with a very small contribution, the specific rate for 
free ions (kf) being much larger than that of associated ions (kp). 
Secondly, the value of kf is independent of the nature of the cation, 
whereas the specific rate of the associated ions (k ) depends on the 
p 
size of the cation, and therefore on the degree of dissociation, a. 
Bjerrum2 redeveloped the phenomenon of ionic association mathema-
tically as a theory of ion pairs in 1926. 
The use of radioactive isotopes was a major step forward in the 
study of kinetic effects of ion pairs. The reactions can be carried 
out at low concentrations and the solutions used can be considered more 
nearly ideal in their behavior. If the reaction should be an exchange 
type, there is no change in ionic strength during the reaction. Evei in 
the case of a substitution reaction, there is little change in ionic 
strength if the reaction is followed to a small percentage. 
The first significant study of this kind was undertaken by LeRoux 
3 
and Sugden in 1939. They studied the rate of bromine exchange between 
n-butyl bromide and lithium bromide-82 in 90% acetone at 44.5° C. This 
1. A. Brandstrom, Arkiv Kemi, l!, 567 (1957). 
2. N. Bjerrum (Det. Kgl.) Danske Vidensk Selskab, 7, No. 9 (1926). 
Two oppositely charged species which are held together by-purely electro-
static forces only are called an ion pair. It behaves like a dipole in an 
e xternal field. Such ion pairs do not affect the ionic atmosphere 
around them. 
3. L. J. LeRoux and S. Sugden, J. Chern. Soc., 1279 (1939). 
11 
1-6 
was followed by several investigations of similar nature 3 In one of 
these studies the degree of dissociation was calculated from conductance 
measurements with the aid of the Onsager equation [eq. (2-2)] and the 
Debye-~uckel equation [eq. (2-3)]. The values of a were obtained by 
successive approx imations. 
(1. 6 77 A 
0 + 
:.: 
338. 2) (a B) 2 (2-2) 
(2-3) 
The value of the second order rate constant was found to vary with the 
concentration of the ionophore. However, none of the workers referred 
to so far found any significant reactivity for ion pairs. 
Bowers and Sturtevant 7 used the Bjerrum theory [eq. (2-4)] of ion 
pairs to calculate the degree of dissociation taking the distance of 
closest approach parameter, a, equal to the sum of ionic radii. It is 
very difficult to ascertai~ this value in solutions du~ to solvation of 
ions and this leads to uncertainties in the final results. 
4rc N 
1000 
3 
[ 
z z e
2 
) 1 2 Q(b) 
DkT 
2 
where b = z1z2e /aDkT and Q(b) is a functional integral of b. 
1. H. A. C. Mckay, J. Am. Chern. Soc.,~' 702 (1943). 
(2-4) 
2. L. J. LeRoux , S. Sugden, C. S. Lu and R. H. K. Thomson, J. Chern. 
Soc., 586 (1945). 
3. C. C. Evans and S. Sugden, J. Chern. Soc., 270 (1949). 
4. G. W. Hodgson, H. G. V. Evans and C. A. Winkler, Can. J. Chern., 
~' 60 (1951). 
5. 
(1954); 
M. B. Neiman, Yu. M. Shapovalov and V. B. Miller, 28, 1243 
C.A. 49, 7939C (1955). 
6. A. R. Olson, L. D. Frashier and F. J. Spieth, J. Phys. Chern., 
2.2_, 860 (1951). 
7. S.D. Bowers and J. M. Sturtevant, J. Am. Chern. Soc., 12, 
4903 (1955). 
12 
In a study of the Dieckmann condensation catalyzed by sodium ethoxide, 
1 
the entire reaction was reported by Brandstrom to proceed through ion 
pairs. He also reported similar results in the reaction of sodium ethyl 
acetoacetate with methyl iodide in various alcohols. The concept of 
different reactivity of free ions and paired ions was invoked for qualita-
tive explanation of reactivities of methoxides (CH3 OK;> CH30Na)> CH30Li) 
2 towards 2,4-dinitrochlorobenzene in methanol . 
01 d S . 3 . d h h "f" f h son an ~monsen po~nte out t at t e spec~ ~c rate o t e reac-
tion of bromo pentamine cobalt (III) ion with mercuric ion in dilute 
aqueous solution is a function of concentration of the particular ion in 
-1 
solution (Cl04 in this case) and not of the ionic strength. 
tioned the validity of the Bronsted theory of salt effects (k 
They ques-
k 
0 
However, similar results in the reaction of bromo-acetate anion with 
thiosulfate ion indicate that they are consistent with Bronsted theory of 
salt effects provided that ion pairs are treated as kinetically distinct 
5 6 
species in considering the salt effects ' • 
1. A. Brandstrom, Arkiv Kemi, !2, 51 (1958) and references cited 
therein. 
2. J. D. Reinheimer, W. F. Kieffer, S. W. Fry, J. C. Cochran and 
E. W. Barr, J. Am. Chem. Soc., 80, 164 (1958). 
3. A. R. Olson and J. R. Simonsen, J. Chem. Phys., !I, 1167 (1949). 
4. J. N. Bronsted, z. Physik. Chem., 102, 169 (1922); ibid.' 
us, 337 (1925). 
5. P. A. H. Wyatt and C. W. Davies, Trans. Faraday Soc., 45, 
771 (1948). 
6. C. W. Davies and I. W. Williams, Trans. Faraday Soc., 54, 
1547 (1958). 
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B. Review of Work Done After 1960 
Very little research has been carried out in this area since 1960. 
Several workers have emphasized that ion pairs have very little or no 
reactivity and that it is very hard to assess their reactivity accurately. 
The accepted order of nuelcophilic reactivity of halide anions in 
protic solvents, e.g. water, methanol and forrnarnide, is I) Br) Cl )):F. 
1 Parker has rationalized that this series is a function of solvation 
rather than of size and polarizability. There is a strong tendency to 
solvate the anion through ion-dipole interactions superimposed on 
hydrogen bonding and the solvation decreases in the series 
F » Cl) Br) i. 
On the other hand, in dipolar aprotic solvents, e.g. dirnethylfor-
rnarnide, dirnethylacetarnide, dimethylsulfoxide, acetone and tetrahydro-
thiophen dioxide, where solvation due to hydrogen bonding is negligible, 
the order of nucleophilicity is altered. 
Winstein and coworkers 2 have studied the reaction of n-butyl £_-
brornobenzene sulfonate with lithium halides in acetone. They are of 
the opinion that if the kinetic data are corrected for ionic association 
of lithium salts, the order of nucleophilicity of anions is Cl) Br) I. 
This is also true in dirnethylforrnarnide3 The values for the specific 
rate constant of the ion pairs were not reported. 
1. A. J. Parker, J. Chern. Soc., 1328 (1961); Quart. Rev. (Lon-
don), ~' 163 (1962). 
2. S. Winstein, L. C. Savedoff, I. D. R. Stevens and J. S. Gall, 
Tetrahedron Letters, No. 9, 24 (1960). 
3. W. M. Weaver and J. D. Hutchison, J. Am. Chern. Soc., 86, 261 
(1964). 
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Further studies are desired in other solvents and the results of 
research to be reported in this dissertation will throw some light on 
this aspect. 
Corsaro and Morris 1 studied the effect of ionic association in the 
reaction of bromoacetate with thiosulfates of sodium, potassium, cesium , 
calcium and lanthanum in solvent mixtures consisting of 30, 40, 50, and 
60% by weight isopropyl alcohol and water. In solvent mixtures of low 
dielectric constant and at a constant ionic strength, the second order 
rate constant varied with the nature of the cation, e.g. at a particular 
ionic strength, the specific rates were in the order Cs) K ) Na. The 
expected linear plots for log k2 vs. l/D were confined only to the data 
obtained with solvent mixtures of high dielectric constant. Variation 
of the rate among the cations was attributed to electrostatic effects 
within the constituent ions of the ion pair which becomes a part of an 
intermediate complex. The authors assumed that the constituent ions 
of the ion pair are separated by their distance of closest approach (sum 
of crystallographic radii, in the intermediate complex, although they 
may be otherwise separated at an undetermined distance before the complex 
is formed. 
Mn+ 
I --
0 
I 
C=O 
I 
s 0 ---c----Br 2 3 
H H 
Intermediate Complex 
l. G. Corsaro and M. C. Morris, J. Electrochemical Soc., 108, 
689 (1961). 
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No attempt was made to correlate the data on a quantitative basis. Out of 
the two models for calculating long-range interionic effects, the Bjerrum 
model and the Fuoss model, the authors preferred the latter as far as 
chemical reactivity was concerned. The Fuoss model is based on limiting 
the concept of ion pair to a pair of ions in contact, whereas the Bjerrum 
model allows interionic distance in the ion pair to extend to the Bjerrum 
2 distance q = z1z2e /2DkT. 
l 82 Lichtin and Rao investigated the kinetics of Br exchange between 
£-nitrobenzyl bromide and ionic bromides (LiBr, KBr, (CH3 ) 4NBr and 
(C 2H5) 4NBr) in liquid sulfur dioxide at 0° C. In the case of KBr, additional 
experiments were carried out at -10.2° and +10.75° C. The increase in the 
second order rate constant with decrease in the concentration of the iono-
phore was explained by assuming ion pair reactivity and through Acree's 
"dual hypothesis." The degree of dissociation a was calculated from the 
equilibrium constant [eq. (2-5)] and the Debye-~uckel equation [eq. (2-6)] 
at each stoichiometric concentration of the salt. The values of a were 
obtained by the method of iteration starting withy+= l in eq. (2-5). 
The thermodynamic equilibrium constants of the ionophores were calculated 
2 
from conductance measurements by using Shedlovksy's procedure • 
log y 
+ 
a
2 l (MBr) /(1- a ) 
+ s 
1.814 x 106 (DT)- 312 [a (MBr) ]% 
s 
_.Jr .lr 
l + 50.30 a(DT) 2 [a(MBr) ] 2 
s 
l. N. N. Lichtin and K. N. Rao, J. Am. Chern. Soc., 83, 2417 
(1961). 
2. T. Shedlovsky, J. Franklin Institute, 225, 739 (1938). 
(2-5) 
(2-6) 
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0 
where a is the distance of closest approach parameter in Angstrom units. 
The values of kf and kp and their variations with calculated a (which 
depends on a) were calculated. 
It was found that the value of kf was constant irrespective of the 
nature of the ionophore and not very sensitive to the change in the value 
of a, while k varied with the nature of the ionophore and was sens~tive p 
to the value of a. The value of k increased in the same sequence as the p 
dissociation constant, e.g. 
Alternate mechanisms were considered. 
This seems to be the only example where results have clearly indicated 
the existence of 1:1 correspondence between ions which are paired with 
respect to conductance behavior and ions which are paired with respect to 
chemical reactivity. This observation corresponds to Fuoss' ions in 
contact model. All other evidence on Finkelstein type of substitutions 
indicates that such reactions take place predominantly between free ions 
and organic dipoles and the rate of reaction with unionized molecules is 
negligible 1 Therefore, it is necessary to obtain further evidence on 
the chemical reactivity of ion pairs as well as on 1:1 correspondence. 
2 Reinheimer, Gerig and Cochran followed up their previous results 
1. B. Casapieri and E. R. Swart, J. Chern. Soc., 4342 (1961); 
ibid., 1254 (1963). 
2. J. D. Reinheimer, J. T. Gerig and J. C. Cochran, J. Am. Chern. 
Soc., 83, 2873 (1961); ibid., 80, 164 (1958). 
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in methanol (D = 32.6) by investigating the effect of added salts on the 
rate of reaction of 2,4-dinitrochlorobenzene and alkali methox ides in 
50% methanol-benzene (D = 23.2). Once again the rate of reaction fol-
lowed the order CH30K) CH30Na) CH30Li. The addition of K salts 
increased the rate of reaction with all methox ides and Li salts decreased 
the reaction rate constant. Sodium salts decreased the rate of reaction 
with CH30K and increased the rate with CH30Li and had little effect with 
CH30Na. The results were explained by assuming that kp) k f for CH30K, 
kp = kf for CH30Na and kp < kf for CH30Li. Although the results were 
explained in terms of ion pairs and Acree's "dual hypothesis" was exten-
sively used, values of kf and kp were not calculated. 
Ross, Finkelstein, and Petersen1 investigated the reaction of 
benzyl dimethylanilinium bromide with ethanolic c2H50Na, and c2H50Li 
and with thiocyanate ion in different solvents. They also studied the 
ethanolysis of N-benzyl-N, N-dimethyl-R-toluidinium bromide. The effect 
of added neutral salts was e x amined. The concept of ion pair reactivity 
was consistently used to explain the results, though no separate rate 
constants were reported. 
Hobb, McMillin, Papadopoulos and Vander Werf 2 studied the reac-
tion of lithium, sodium, potassium and phenyltrimethyl ammonium salts 
of pyrrole with allyl, crotyl and benzyl halides in different solvents. 
1. S. D. Ross, M. Finkelstein and R. C. Peterson, J. Am. Chern. 
Soc.,~' 5335 (1960); ibid., 83, 4853 (1961); ibid, 84, 2222 (1962). 
2. C. F. Hobbs, C. K. McMillin, E. P. Papadopoulos and C. A. 
VanderWerf, J. Am. Chern. Soc., 84, 43 (1962). 
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The formation of a mixture of 1- and 2-substituted pyrrole was e x plained 
on the basis of ion pair formation. The relative percentage of 
alkylation at the nitrogen atom (1-position) was found to increase 
with increasing dissociation of the pyrryl-metal ion pair, e.g. 
In a particular medium, the dissocia-
tion of pyrryl salts favors 1-alkylation and association favors 2-alkyl-
ation, e.g. eq. (2-7). 
.. 
--~> M +X+ 
+ 
+ 
M 
The study is based upon product analysis and no rates were given. A 
1 
similar interpretation was given earlier by Forsblad to explain the 
formation of C- and 0-alkylation products in the reaction of lithium, 
(2-7) 
sodium, potassium and bispiperidinium salts of ~-hydroxy-coumarilic acid 
ethyl e$ter with methyl iodide in methanol at 50° C. The contributions 
of free ions and ion pairs to the second order rate constants were cal-
culated on the basis of Acree's analysis (Kc or K
0 
= kfa + kp(l-a )) and 
ion pairs were found to show considerable reactivity, Table 2-1. 
1. I. Forsblad, Arkiv For Kemi, iS, 403 (1960). 
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TABLE 2-I 
Velocity Constants of the Ion (kf) and Ion Pair (kp) Reaction for 
the Lithium , Sodium , Potassium , and Bispiperidinium salts 
C-Alkylation 0-Alkylation 
Cation kf, k k k 
_p_ f 
___£_ 
Li 36 3 5.8 0.6 
Na 33 16 5.8 7.6 
K 35 20 5.8 7.6 
BP 33 78 5.3 19 
OH 0 mil c~o -C-OC H 1 2 5 
'o 
~-Hydroxy-coumarilic Bispiperidinium ion 
acid ethyl ester 
The ratio of carbon and oxygen alkylation products in the benzyla-
tion of sodium 2,6-dimethyl-4-t-butylphenoxide suspended in toluene or 
dissolved in toluene-tetrahydrofuran and in the methylation of ~­
diketones with diazomethane were similarly explained1 ' 2 
Widequest3 investigated the hydrolysis of a -bromophenylacetic acid 
at 25° C. conductometrically. The specific rate of reaction was found to 
decrease with increasing concentration of the acid, Table 2-II. With 
the assumption that the anions and the undissociated molecules of the 
1. D. Y. Curtin and D.H. Dybvig, J. Am. Chern. Soc., 84, 225 
(1962). 
2. G. S. Hammond and R. M. Williams, J. Org. Chern., ~' 3775 
(1962). 
3. S. Widequest, Arkiv for Kemi, Band l1, No. 6, 551 (1963). 
20 
a-bromophenylacetic acid are hydrolyzed at different rates, the data was 
analyzed through Acree's equation, 
The thermodynamic dissociation constant of the acid was calculated from 
conductivity data by Shedlovsky's method. 
TABLE 2-II 
The Relation between Concentration (B), the Degree of Dissociation (a )., 
and the Specific Rate of Reaction (K) of a -Bromophenylacetic Acid 1 
B X 103 a K X 103 
19.57 0.3552 5.51 
9.885 0.4526 7.60 
7.032 0.5036 8.91 
4.720 0.5739 9. 70 
3.859 0.6044 9.67 
2.367 0.6658 10.72 
1. 207 0. 7887 12.20 
0. 7705 0.8378 13.18 
-3 Treatment of the data by the least squares method gave kf = 15.4 x 10 
-3 
and kp = 1. 1 x 10 . 
Recently, Weaver and Hutchison2 studied the reaction of methyl-
toluenesulfonate with lithium halides in dimethylformamide at 0° C. 
The observed second order rate constants decreased with increasing 
1. Ibid. 
2. W. M. Weaver and J. D. Hutchison, J. Am. Chem. Soc., 86, 261 
(1964). 
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initial concentration of salt in a "smooth and orderly manner." No 
conductance measurements were carried out; however, they attempted to 
calculate the dissociation constant of ion pairs from kinetic data. 
After correcting for ion pairing, the relative order of nucleophilicity 
was found to be Cl) Br) I. The authors conclude that ion pairs are 
not reactive. However, the data are very limited to rule out the con-
tribution of kinetically reactive ion pairs. 
Very recently, Bruce, Kahn and Leary1 studied the kinetics of 
chlorine-36 exchange between hydrogen chloride and E-nitrobenzyl chloride 
in E-dioxane-water (82/18% w/w) at 45.00, 50.27 and 60.00° C. The 
reaction mechanism was assumed to be an example of a bimolecular process 
in which both chloride ion and hydrogen chloride ion pair contribute. 
On the assumption that ion pairs are kinetically reactive, specific rate 
constants for the free ions and the ion pairs were calculated, Table 2-III. 
TABLE 2-III 
Specific Rate Constants for the Reaction of Free Ions and Ion Pairs 2 
5 k 105 kf X 10 X p 
00 1. mole -1 -1 1. -1 -1 Tem:e. 2 c. sec. mole sec. 
45.00 5.80 0.93 
50.27 8. 74 1.41 
60.00 28.08 3. 70 
1. W. Bruce, M. Kahn and J. A. Leary, J. Am. Chem. Soc.,~' 
2800 (1965). 
2. Ibid. 
The rate of exchange , R, could be represented by eq. (2-8). 
e 
R 2.04 x 1011 e- 22 , 600 /RT a(HCl)(PNBC) + 
e 
22 
2.76 x 108 e- 19 , 600 /RT (1-a )(HCl)(PNBC) (2-8) 
where a is the degree of dissociation of HCl. 
The authors conclude that both i ons and ion pairs are reactive. 
However, careful study of the i r results indicates that the data are 
limited to a v e ry small concentration range. Also the solutions used were 
concentrated. This limits the accuracy of their results and the validity 
of the conclusions. 
No exchange was observed between E-nitrobenzyl chloride and HCl in 
anhydrous benzene or between benzyl chloride and HCl in anhydrous acetone 
after several hundred h ours at high temperatures. 
III. EXPERIMENTAL 
The experimental problems associated with a study of the kinetics 
of chlorine exchange between £-nitrobenzyl bromide and MC1 36 in liquid 
sulfur dioxide are described in this section. Since the purpose of the 
investigation was to explore the effect of ionic association on the nucleo-
philic reactivity of the chloride ion, the choice of system and its 
suitability are discussed below. 
Solvent 
Liquid sulfur dioxide possesses potentially useful properties and 
therefore is an interesting ionizing solvent. Liquid sulfur dioxide 
does not have any nucleophilic reactivity. Furthermore,the choice of the 
solvent was dictated by the nature of the problem which was to compare 
properties of chloride ion with those of bromide ion in liquid sulfur 
dioxide. Its physical properties are well defined, and it can be obtained 
in a pure state. It dissolves many inorganic compounds, has a much 
greater solubility for organic compounds than does water. The properties 
of sulfur dioxide pertinent to its use as a solvent are assembled in 
Table 3-I. 
23 
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TABLE 3- I 
Physical Constants of Sulfur Dioxide 
Property Values Reference 
Boiling Point 
Melting Point 
Heat of Fusion ( H0 ) 
Heat of Vaporization at B.P. 
243 0 Vapor Pressure at K. 
253 
273 
283 
293 
Viscosity of Liquid 
263.08° K. 
197.64° K. 
1969 Cal. /Mole 
5960 Cal. /Mole 
284.8 nun 
530.6 
1159.6 
1714 
2456 
lOOO">'t,= 4.03-0.0363 t(° C.) 
1 
1 
1 
1 
2 
3,4 
Dielectric Constant 
of Liquid D -3 0 95.12 Exp [-6.676 x 10 T( K.)] 4,5 
Dipole Moment 1.62 D 6 
1. W. F. Giauque and C. C. Stephenson, J. Am. Chern. Soc.,~' 1389 
(1938). 
2. Ibid. Calculated from log P 
0.0000155574 T2 + 12.07540. em 
-1867.52/T - 0.015865 + 
3. G. P. Luchinskii, J. Phys. Chern. (U.S.S.R.), 11, 280 (1938). 
4. N. N. Lichtin and H. P. Leftin, J. Phys. Chern., 60, 160 (1956). 
5. A. L. Vierk, Z. Anorg. Chern., 261, 279 (1950). Cf. J. D. 
Nickerson and R. Mcintosh, Canad. J. Chern., 12, 1325 (1957) for slightly 
different values. 
6. R. J. W. LeFevre, "Dipole Moments," Methuen and Co. , Ltd. , 
London, 1953, p. 133. 
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The vapor pressure of the liquid is sufficiently low at 0° C. that 
it can be handled very safely in sealed "Pyrex" vessels and in a vacuum 
s y stem. The experimental manipulation, though more complicated than that 
of many other solvents, offers no formidable difficulties. Pure liquid 
sulfur diox ide conducts electric current slightly (specific conductance 
-8 -1 0 ~4 x 10 mhos em at 0 C.) and the reason for this is an unsolved 
1 problem Electrolytes dissociate in liquid sulfur diox ide to g ive ions 
and conduct electricity. 
Ionophores 
Two thing s were considered very essential in the selection of 
ionophores. The ionophores should be reasonably soluble in liquid sulfur 
diox ide to permit variations in concentration over a wide range. 
Secondly , there should be a larg e variation in the size of the cation. 
Among the alkali metal chlorides, lithium chloride, sodium chloride, and 
cesium chloride are not sufficiently soluble to permit kinetic e x p e ri-
ments with them to be performed accurately. Potassium chloride is 
slightly soluble and no more than one e x periment could be performed with 
it. Rubidium chloride was found to be sufficiently soluble in liquid 
sulfur diox ide and has a moderate dissociation (Kd = 9.02 x 10-S mole 1. -l). 
The solubility of tetraalkylammonium salts in organic solvents 
2 increases with increase in the size of the alkyl group This caused 
serious difficulty in the separation of ionic chloride and E-nitrobenzyl 
1. T. H. Norris, J. Phys. Chem., 63, 383 (1959). 
2. K. N. Rao, Ph.D. Dissertation, Boston University, 1960, 
pp. 124-128. 
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bromide by extraction of a toluene solution with water. Tetramethyl-
ammonium chloride and tetraethylammonium chloride were found to be quite 
satisfactory. 
E-Nitrobenzyl Bromide 
Nucleophilic substitutions are often accompanied by elimination 
reactions. In order to exclude the possibility of simultaneous elimina-
tion reaction, a substituted benzyl bromide was used. The introduction 
of a nitro group in a position para to the bromomethyl group diminishes 
SNl reactivity and promotes SN2 reactivity. Moreover, the selection of 
E-nitrobenzyl bromide gives an opportunity to compare with previous 
82 
results of Br exchange in liquid sulfur dioxide. 
Solubility Behavior 
Liquid sulfur dioxide is a very good solvent for organic compounds 
1 
with the exception of saturated aliphatic hydrocarbons In most cases, 
complete miscibility is possible. Iodoform is sparingly soluble. 
E-Nitrobenzyl bromide is very soluble in liquid sulfur dioxide. 
Among the inorganic compounds, there are large variations in the 
solubility behavior. Compounds such as aluminum chloride, which are 
ordinarily considered covalent, are considerably more soluble than salts 
having a typical ion lattice. The solubility of potassium chloride is 
reported to be 5.5 millimoles in 1000 g. of the liquid and of rubidium 
0 2 
chloride 27.2 millimoles in 1000 g. of the solvent at 0 C .• These 
1. G. Jander, Die Chemie in Wasserahnlichen Losungsmitteln, Sprin-
ger Verlag, Berlin, 1949, pp. 211 and 228. 
2. Ibid., p. 231. 
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solubility figures are somewhat higher than those actually observed in 
this laboratory, but they represent the correct order of magnitude. 
The iodides and bromides of the alkali metals are much more soluble 
in liquid S0 2 than chlorides; the order of solubility is I) Br) Cl. 
The tetraalkylammonium chlorides (R = CH3 , c2H5 , n-C 3H5 and n-C4 H9 ) 
are highly soluble in liquid sulfur dioxide at 0° C. Most of them form 
stable solvates with sulfur dioxide which can be isolated. 
General Description of Experiments 
The reaction, the kinetics of which were studied in the course of 
this investigation, is represented by eq. (3-1). 
-- ~ 
where MCl is the ionophore and M 
,(;. 
cH:l.ce 0+ (3-1) 
Reaction (3-1) is a simple Finkelstein replacement reaction. The 
kinetic expression which is applicable to reactions of this kind can be 
easily derived, e.g. eq. (3-2). 
k 2 t (A-B)/2.303 log 
(A - BF) 
(A - AF) (3- 2) 
where k 2 is the second order rate constant, A and B are the initial con-
centrations of £-nitrobenzyl bromide and MC1 36 , F is the fraction exchanged 
and is equal to X/B where X is the amount (in moles per liter) of c136 
reacted with £-nitrobenzyl bromide in time t. 
In the present investigation the concentration of £-nitrobenzyl 
bromide was always greater than the concentration of the ionophore. The 
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two e x treme limits were 5 times and 85 times larger. Also the reaction 
was followed to a relatively small fraction of reaction: between 0.47 
and 6.55% for RbCl; between 1.14 and 30.80% for (CH3 ) 4Ncl;and between 
3.81 to 23.67% for (C 2H5 ) 4Ncl. The largest percentage conversion of 
RBr in any experiment was 4.2% (RUN-MSP-35). Under these circumstances, 
the concentration of £-nitrobenzylbromide was assumed to be constant. 
Therefore, eq. (3-2) reduces to eq. (3-3) which was used in the present 
investigation. 
k I 2 t /2. 303 - log (1-F) (3-3) 
where k' 2 = k 2 (A) and is a pseudo first order rate constant with respect 
to ionophore. 
In order to carry out the measurements, the concentrations A and 
B were determined by dissolving known amounts of RBr and MC1 36 in a 
known volume of the solvent. Initially the activity of MC1 36 is pro-
portional to its concentration, B. Since one atom of c136 from MC1 36 
replaces one atom of Br from £-nitrobenzyl bromide according to 
eq. (3-1), the activity acquired by the substrate after a time t is 
36 proportional to X, the amount of Cl exchanged. Hence X/B = F = 
activity in the organic phase/total activity. The actual experiment 
consisted of 
(i) Preparation of Mc1 36 , 
(ii) Carrying out the kinetic runs, and 
(iii) Measurements of radioactivity at definite intervals. 
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Preparation of MC1 36 
The convenient form in which chlorine-36 can be obtained is in 
the form of hydrochloric acid solution. The ionophores were prepared 
by neutralizing a solution of carbonate or hydroxide with hydrochloric 
acid-36. The solutions were evaporated to dryness under reduced pres-
sure. The resulting salts were recrystallized and dried under vacuum 
before use. 
Kinetic Runs 
The kinetic experiments were carried out with the aid of vacuum 
line techniques. Liquid sulfur dioxide was collected by condensation 
of dry gas, degassed to remove dissolved oxygen and further purified by 
distillation. Its volume was measured at 0° C. in a calibrated buret. 
It was then distilled into the reaction vessel containing weighed amounts 
of reactants in separate arms. It was assumed that the volume of the 
solution is equal to the volume of the solvent. This assumption is 
justified since the concentrations of the reactants were very low 
(rarely more than 0.01 Min each of the reactants). 
After equilibration of the reaction vessel in the thermostat, the 
reactants were mixed and the time of the mixing was recorded. 
At regular intervals (5 to 20 hrs.) aliquots of the solution were 
withdrawn under the pressure of sulfur dioxide itself into an evacuated 
vessel containing toluene cooled to -30° C. This operation quenched the 
reaction by precipitating the ionic salt. 
Sulfur dioxide was expelled from the toluene solution by a current 
of dry nitrogen. The toluene was extracted several times with water to 
remove all ionic salt. Aqueous and organic e x tracts were separately treated. 
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Measurement of Radioactivity 
The measurements of radioactivity were carried out on mercurous 
chloride precipitates obtained from aqueous extracts as well as precipi-
tates from organic extracts after RBr had been converted to soluble 
halide using dispersed sodium. The thickness and the weight of the 
precipitates were kept identical as far as possible. A proportional 
counter was used in conjunction with a scaler which automatically 
registered the counts. The same geometry of the counter was maintained 
throughout. Background correction was applied. Percent e x change, 
%F (Org. Cts./(Org. Cts. + Aq. Cts.)] x 100, 
was thus obtained as a function of time. 
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Experimental Procedures for the Preparation of Ionophores 
Hydrochloric acid-36, used for the preparation of potassium chloride-
36 and rubidium chloride-36, was obtained from the Atomic Energy of 
Canada, Ltd., Ottawa, as a 2 molar solution of 95% radiochemical purity 
with a specific activity of 0.2 mc.per gram of chlorine. 
Hydrochloric acid-36, used for the preparation of tetramethylammonium 
chloride-36 and tetraethylammonium chloride-36, was obtained from the Oak 
Ridge National Laboratory as a 2.65 molar solution of 99% radiochemical 
purity with a specific activity of 0.5 me. per gram of chlorine. 
1 
Potassium Chloride-36 
Approx imately 1.5 ml. of aqueous potassium hydrox ide (Reagent 
Grade, Merck Co.) solution (2N) was neutralized to pH 6 (Hydrion Paper) 
with hydrochloric acid-36. The solution was evaporated to dryness 
using a funnel and water aspirator system. The solid was treated with 
2 drops of fresh hydrochloric acid-36 and dried again. This process was 
repeated once more. After removing the solid from the evaporating dish, 
it was dried in an Abderhalden apparatus for 19 hours using benzene as 
thermostat liquid. It was stored in a desiccator for later use. 
Rubidium Chloride-36 
The same procedure was adopted as in the case of potassium chloride 
starting from rubidium carbonate (purum) obtained from Fluka AG, 
Chemische Fabrik Bushs S. G. Switzerland. Rubidium chloride was washed 
thrice with 3 ml. portions of cold methanol. The sample, after drying 
1. J. F. Hinton and F. J. Johnston, J. Phys. Chern.,~' 1368 (1962). 
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for 24 hours in an Abderhalden apparatus, was stored in a desiccator. 
It was analyzed for available chlorine by the Micro Volhard Method 1 . 
Analysis: Found% Cl = 29.14; Calc'd% Cl = 29.31. 
Tetramethylammonium Chloride-36 
20 ml. of tetramethylammonium hydroxide (10% aqueous solution, 
Eastman Kodak, "White Label") was neutralized to pH 6 with hydrochloric 
acid-36. The solid obtained after evaporation of water was treated 
with 2 drops of fresh acid (HC1 36 ) and dried. The dried solid was 
recrystallized twice from a mixture of 10% absolute ethanol and 90% 
acetone. The process of recrystallization and further handling was 
carried out under a dry nitrogen atmosphere. The product was dried under 
vacuum (Abderhalden Apparatus) and was stored in a desiccator. 
Tetraethylammonium Chloride-36 2 
The same procedure was followed as in the case of tetramethyl-
ammonium chloride-36. Tetraethylammonium hydroxide (10% aqueous solution, 
Eastman Kodak, "white label") was neutralized with HC136 . The residue 
after evaporation to dryness was recrystallized first from ethylene 
dichloride and then from acetonitrile-acetone mixture. The crystalliza-
tions were carried out under a dry nitrogen atmosphere. The solid was 
dried under vacuum (Abderhalden Apparatus). It was handled exclusively 
under dry nitrogen atmosphere. 
1. P. Pappas, Ph.D. Dissertation, Boston University, 1960, p. 59. 
2. D. N. Kevill, G. A. Coppens, N. H. Cromwell, J. Org. Chern., 
28, 567 (1963). 
Purification of £-Nitrobenzyl Bromide 
It was found by Rao1 that the kinetic results were often erratic 
with large initial exchange if the organic substrate was not purified. 
33 
The impurities, which are responsible for large initial exchange, have not 
been identified. However, the initial rate of exchange can be minimized 
by crystallizing the substrate several times from various solvents. 
"White Label" Eastman Kodak £-nitrobenzyl bromide was recrystallized 
four times from absolute ethanol and was dried in a vacuum desiccator for 
2-3 hours. It was then recrystallized twice from a mixture of solvents: 
benzene, cyclohexene and n-heptane in the ratio of 1:1:1, respectively . 
Nex t it was sublimed under vacuum (50° C., pressure { 5.0 x 10- 2 mm. of 
Hg) and was recrystallized once more from the same solvent mix ture. It 
was dried in a vacuum desiccator wrapped with Al foil and stored in a dark 
place f rom which it was removed during handling only. 
During crystallization the solid was kept covered with Al foil and 
no experiments were performed with samples later than three weeks after 
their purification. 
1. K. N. Rao, Ph.D. Dissertation, Boston University, 1960, p. 99. 
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Apparatus 
In any study, the purity of the solvent is always of major concern. 
Since the presence of small amounts of impurit i es could change the 
character of the solvent or the solute dissolved in it. Liquid sulfur 
dioxide was collected and handled with great care and vacuum techniques 
were employed throughout the entire series of operations. Figure 1 
shows the vacuum line and other equipment used in the experiments. 
The manifold M was connected through the traps T2 and T1 
to a 
mercury diffusion pump. The diffusion pump itself was connected to a 
mechanical pump. When the diffusion pump was on, the trap T2 was cooled 
with a trichloroethylene-dry ice bath. The mechanical pump in conjunc-
tion with the diffusion pump reduced the pressure in the system to less 
-4 
than 10 mm. of mercury. 
The pressure in the system was measured by a McLeod gauge at Mg. 
A mercury manometer Mr indicated the rate of flow of so2 in the system. 
A drying column DC which consisted of a U tube, 5 feet long, was 
filled with anhydrous magnesium perchlorate, "Anhydrone." There was 
glass wool at the top of the "Anhydrone" which prevented the gas from 
carrying dust into tube A. Trap T3 also served the same purpose. 
Indicator drierite was placed at three places inside each arm of the U 
tube to monitor the exhaustion of the column. 
Cylindrical bulb A had a capacity of about 250 ml. and was used 
to collect and degass liquid sulfur dioxide by cooling it with a tri-
chloroethylene-dry ice bath. This tube was packed with glass helices to 
prevent bumping of the liquid during subsequent distillation into bulb B. 
Mg 
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The volume of bulb B together with its graduated neck was calibrated and 
it served to measure the volume of the solvent accurately. 
1 The reaction vessel C was similar to one used earlier by Rao It 
was modified slightly according to the present needs. Each arm of the 
inverted U tube C was about 17 em. in length and 2~ em. in diameter and 
had a capacity of more than 100 ml. There were two tubes (D and D') 
1 em. in diameter sealed at right angle to the plane of tube C at the 
necks. The samples of the organic bromide and MC1 36 were introduced 
into them separately and D and D' were sealed off. 
The left part of the reaction vessel consisted of an automatic 
pipette E. The entire unit was sealed off and removed from the vacuum 
line at point S, after so 2 had been admitted. The automatic pipette 
was filled by inverting the unit and holding it straight again. Quench-
ing flask F was connected to the reaction vessel at G. Dn opening 
stopcock 8, an aliquot of solution flowed into quenching flask F. 
Quenching flask F was a combination of receptacle and separatory 
funnel. It was found convenient to use it without transferring radio-
active material to another vessel. Stopcock 9 was used to evacuate it. 
All stopcocks except stopcock 8 were greased with Apiezon N 
vacuum grease while stopcock 8 was greased with Lubriseal. It is 
difficult to operate the stopcock with Apiezon N at low temperatures. 
The thermostat used in these measurements has been described 
2 
elsewhere . 
1. K. N. Rao, Ph.D. Dissertation, Boston University, 1960, p. 112. 
2. H. Glazer, A. M. Thesis, Boston University, 1951, p. 21. 
37 
Kerosene oil ("Deo-Base,•• Howe and French Co., Boston, Mass.) was 
used as a bath liquid, and was continuously stirred. The temperature was 
controlled by immersing two heating coils. One of the coils (1000 Watts) 
was used for crude temperature control through a variable resistance. The 
other heating coil (500 Watts) was connected through a variable resistance 
and an electronic relay (35L6--G Tube) to a Quick-Set thermoregulator 
(H. B. Instrument Co., Philadelphia, Pa.) which was also immersed in the 
0 bath. The temperature could be controlled to+ 0.005 C. 
A Beckman thermometer was used to read the temperature. It was 
0 
calibrated in an ice bath, reading 4.182 at 0 C. In the present investi-
gation, the thermostat was maintained at 0.00 + 0.01° C. 
38 
Experimental Procedure for Kinetic Runs 
Calibration of the Bulb for the Volume Measurement of Liquid Sulfur Dioxide 
The neck of bulb B was constructed out of a buret. About 200 ml. of 
distilled water was weighed accurately in an especially designed weighing 
flask. The water was carefully transferred into the bulb until it reached 
the middle of the buret. The flask was weighed again. Bulb B was sur-
rounded with crushed ice and distilled water in a Dewar flask and its 
contents were allowed to attain temperature equilibrium. Then the buret 
level was read over a period of approximately one hour. The ex periment 
was repeated five times (Table 3-II) and the average value was taken. The 
zero of the buret corresponded to 145.27 + 0.02 ml. at 0° C. 
TABLE 3-II 
Volume Calibration of so 2 Bulb 
Volume of Water Volume Ex trapo-
Wt. of Water at 0° C. lated to Zero 
No. (g.) (ml.) Vol. Read (ml.) 
1 142.8795 142.898 2.34 145.24 
2 143.3890 143.407 1. 87 145.28 
3 144.0700 144.088 1.19 145.28 
4 142.0120 142.030 3.25 145.28 
5 142.8130 142.831 2.45 145.28 
Introduction of the Sample 
Suitable amounts of ionophore and £-nitrobenzyl bromide were weighed 
in tared tiny glass vials. They were in t roduced into the two arms of 
reaction vessel C through D and D1 which were then sealed off. 
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Collection of Liquid Sulfur Dioxide 1 
The vacuum line was completely evacuated by the mercury diffusion 
pump. Trap T2 was kept cold with trichloroethylene-dry ice freezing 
mixture. All stopcocks except 8 were kept open. Stopcock 2, which 
connected the vacuum line to a sulfur dioxide cylinder through a 
Swagelok valve and copper tubing, was then opened. Copper tubing was 
evacuated up to the main valve of the cylinder. The whole system was 
pumped almost 24 hours. After the pressure in the system was reduced to 
-5 
a sticky vacuum (less than 10 rnrn. of mercury) as shown by McLeod gauge 
Mg, it was considered ready. 
Stopcocks 1, 6 and 7 were then closed so that the lower part of the 
vacuum line was disconnected from manifold M and the pumps. Cylindrical 
bulb A was immersed in a trichloroethylene-dry ice bath. The main valve 
of the sulfur dioxide cylinder was opened and a gentle stream of sulfur 
dioxide was admitted. The flow of gas was controlled by the Swagelok 
valve and its rate of flow as indicated by the mercury rnonornete~Mr, 
was maintained such that pressure in the system remained below 10 ern. 
(abs.) of mercury. 
Sulfur dioxide, dried by passage through the column of "Anhydrone," 
was condensed in bulb A. It was found necessary to add dry ice inter-
rnittently to the freezing mix ture as sulfur dioxide has a very high 
latent heat of vaporization. When about 170 rnl. of liquid was col-
lected, the main valve was closed. 
1. Liquid Sulfur Diox ide used in the present investigation was 
"Ex tra Dry ES-0-TOO," obtained from Virginia Smelting Company, Norfolk, 
Va. 
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The liquid sulfur dioxide was next degassed. Trap T2 was surrounded 
by a freezing mixture at -78° C. to protect the diffusion pump and the 
mechanical pump from gas vapors. Stopcock 3 was closed. Stopcock 1 was 
then opened. This evacuated copper tubing up to the main valve of the 
cylinder. After about 10 minutes, stopcock 2 was closed and stopcock 3 
and 6 were slowly opened. The process of pumping was continued for about 
an hour. Most of the liquid solidified during this time. Next, stopcock 
3 and 6 were closed and the solid was allowed to melt. It was again cooled 
and degassed for another half hour. Stopcocks 3 and 6 were then closed 
and the solid sulfur dioxide was allowed to warm up to -20° C. 
Bulb B was next surrounded by the freezing mixture and sulfur 
dioxide was allowed to distil into it. Towards the end, bulb A was warmed 
with cold water to hasten the distillation. When a sufficient amount of 
sulfur dioxide had been collected in bulb B, stopcock 5 was closed to 
disconnect it from bulb A. Bulb A was then surrounded by a freezing mix-
ture. 
Next, stopcock 6 was opened and the contents of bulb B were again 
degassed. After twenty minutes stopcock 6 was closed and bulb B together 
0 
with its contents were allowed to warm up to -5 C. by a suitable cold 
bath. It was then surrounded by a mixture of crushed ice and distilled 
water and the temperature was allowed to attain equilibrium. When the 
buret reading had become steady, it was noted. 
Next, the arms of the U tube part of the reaction vessel C were 
surrounded by a kerosene oil-dry ice bath and the liquid was allowed to 
distil into the arms of C. When all the liquid had been distilled the 
reaction vessel was sealed off from the vacuum line by heating the 
capillary tube at point S. 
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Th . 1 t . . . b 36 e v~a s con a~n~ng E-n~tro enzyl bromide and MCl were then 
dropped into their respective arms of the vessel C by tilting it. The 
end of the automatic pipette was closed by a cap (Female ! 24/40 joint) 
at G to protect it from the liquid in the thermostat. The reaction 
vessel was then placed in the thermostat and was allowed to equilibrate 
for about two hours. 
Commencement of Ex change 
After thermal equilibration, the solutes were dissolved by a gentle 
rotatory motion of the reaction vessel. The vessel was allowed to stand 
for another 15 minutes in the thermostat. The solutions in two arms of 
the U tube were then mix ed by carefully tilting the vessel backwards and 
forwards a few times. The time was noted when the solution in one arm 
had poured into the other. This was taken as zero time. A sweep second 
hand watch was used to keep the time. The reaction vessel was replaced 
in the thermostat. 
Removal of Aliguots and Quenching 
The first aliquot was drawn within 10 to 20 minutes after com-
mencement of the reaction, whereas others were removed at intervals of 
12-24 hours. In the case of tetraethylammonium chloride e xperiments, 
the aliquots were removed at intervals of 3-12 hours. 
By tilting the reaction vessel, the automatic pipette E was filled. 
Ex cess solution flowed back into the arms of vessel C. The reaction 
vessel was then suspended with the help of a clamp such that the main 
portion of the solution remained inside the thermostat. The cap was 
removed and flask F, containing 50 ml. of thoroughly chilled toluene at 
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-30° d h C., was connecte tote automatic pipette at G. A trace of lubri-
seal grease was used on ~ joint G. Flask F was then evacuated through 
stopcock 9. On opening stopcock 8 the liquid from the pipette was 
ejected under its own pressure into the cold toluene. Stopcock 8 was 
then closed. Flask F was then detached by opening the stopcock 9 to the 
atmosphere. It was immediately placed in the hood and allowed to warm 
up. The end of automatic pipette E was again capped and reaction vessel 
C was returned to the thermostat. 
The same method of quenching the reaction was adopted for all the 
ionophores studied. 
Separation Procedure 
The aliquots were allowed to warm up to room temperature for about 
one hour in the hood. Most of the sulfur dioxide evaporated during this 
time. A gentle stream of dry nitrogen gas was then passed through the 
toluene solution for one hour to ensure complete removal of sulfur 
dioxide. The inorganic salt, e.g. rubidium chloride, was separated from 
£-nitrobenzyl bromide by extraction. 
Toluene was first extracted with four 25-ml. portions of water. 
The combined aqueous extract was shaken with another 30 ml. of fresh 
toluene to remove any dissolved £-nitrobenzyl bromide. The original 
toluene was again extracted with another three 25-ml. portions of water. 
The combined aqueous extracts and toluene e x tracts were stored separate-
ly. 
For potassium chloride and tetraethylammonium chloride the number 
of aqueous ex tractions was increased to five 25-ml. portions of water. 
Precipitation Procedure 
5 Chlorine-36 is a very long lived (half-life = 3.0 x 10 years) 
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isotope of chlorine. It is purely a beta emitter having max imum energy 
(E ) of 0. 714 mev. It has a very slow rate of disintegration and lies on 
m 
the borderline between soft betas (Em< 0. 7 mev) and hard betas (Em> 0. 7 
mev). Therefore, it presents a very difficult problem for counting and 
special techniques are desired. Several methods have been used to deter-
mine its specific activity. 
1 
Pearson and Garner used dip Geiger muller counter to determine the 
specific activity of chlorine-36 in organic and aqueous solutions. 
2 
Johnston employed Geiger tube . for solution counting. The solutions 
containing chlorine-36 activity were taken in plastic vials which were 
introduced in the counter tube. The counting efficiencies were found to 
be quite low. Kahn and coworkers 3 used thin window Geiger and propor-
tional counters for the determination of chlorine-36 activity in the 
solid form. They also tested immersion type Geiger counter for solu-
tions. It was found that proportional counter gave reproducible results 
when chlorine-36 was precipitated as Hg2c1 2 than as AgCl. 
The specific activity of chlorine-36 can best be determined by 
liquid scintillation procedures. However, in the present investigation 
the precipitation method3 was employed to prepare samples for counting. 
1. 
2. 
(1959); 
I. M. Pearson and C. S. Garner, J. Phys. Chern., 64, 501 (1960). 
R. A. Keeney and F. J. Johnston, J. Phys. Chern., 63, 1426 
ibid., §2_, 317 (1961). 
3. M. Kahn, A. J. Freedman, R. D. Feltham and N. L. Lark, 
Nucleonics, !l, No. 5, 58 (1955). 
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Afte r the aliquot had b e en separated into two layers, they were separately 
treated. 
The aqueous ex tract was evaporated to about 20 ml. volume under 
reduced pressure. Since it was found necessary to have the thickness of 
2 
the precipitate at least 10 mg./em. for reproducibility, a calculated 
amount of inactive potassium bromide solution was then added. This ·was 
found to be a convenient way of having approx imately the same amount of 
precipitate mix ture (Hg 2X2 ) in all the e xperiments. 
The amount of potassium bromide solution was calculated as follows. 
Suppose for a particular e xperiment, 
[RBr] 6.518 x 10- 2 moles/1. and [MCl] = 7.829 x 10- 3 mole/1. 
In an aliquot of 15.0 ml., assuming small percentage e x change, 
[RBr] = 6.518 x 10- 2 x 10- 3 x 15.0 = 9. 777 x 10- 4 millimoles, 
as mercurous bromide= 9 . 777 x 10-4 x 280.499 = 274. 2 mg. 
Therefore, organic extract was made up to 50.0 ml. and 7.00 ml. were taken 
for precipitation. Thus, the amount of precipitate was 
38.4 mg. Similarly, 
-3 -3 5 [MCl] = 7.829 x 10 x 10 x lS.O = 11.743 x 10- millimoles, 
-5 
as mercurous ~hloride = 11.743 x 10 x 236.1 = 27.7 mg . 
Since it is desired that both precipitates should be approx imately the 
same, sufficient amount of potassium bromide solution was added such that 
the total weight of the precipitate was as close as possible to 38.4 mg. 
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The mixture of potassium bromide and radioactive aqueous extract 
was thoroughly swirled and 5 to 10 drops of a 5% alcoholic solution of 
1 
aerosol was added. The solution was then treated with a 40% excess of 
0.03 F mercurous nitrate (Reagent Grade, Allied Chemicals) solution that 
was 0.1 Fin nitric acid (Baker Analyzed Reagent). The precipitate was 
allowed to stand for about 10 minutes at room temperature. 
The precipitate was filtered with mild suction through a stainless 
steel filtration unit2 on 24 mm. diameter Whatman No. 50 paper. The fil-
ter paper had been thoroughly washed with distilled water, ethanol, dried 
in a vacuum desiccator and weighed. The precipitate was occasionally 
shaken to insure homogeneous thickness. In the end it was washed with 
5 ml. of distilled water and finally with 10 ml. of absolute alcohol. 
The precipitate, after it had been removed from the filtration unit, 
was dried at 60° C. in the oven for 10 minutes and weighed. It was then 
mounted on aluminum disc 1.5 inches in diameter and 1 mm. in thickness 
3 
with Scotch Tape directly over the sample. 
counting. 
It was then ready for 
The organic ex tract was reduced to 50.0 ml. by distilling off the 
excess toluene. An exact amount of solution was pipetted out to match 
1. Aerosol OT, a product of American Cyanamid Company, was sup-
plied by Fischer Scientific Company. It decreases the surface tension 
and avoids the formation of a colloidal precipitate. 
2. This unit (E-29) was obtained from Tracer Lab, Inc., Waltham, 
Mass. 
3. The aluminum discs were made by Nu-Way Die Company, Inc., 
Waltham, Mass. 
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the amount of mercurous bromide precipitate with its counterpart from the 
aqueous solution as shown on the previous page. The solution was trans-
£erred to a 50 ml. graduated centrifuge tube equipped with a stopper and 
diluted to 10 ml. volume. It was then treated with 10 drops of isopropyl 
alcohol and 1.5 ml. of sodium dispersed in mineral oil (Action Associates, 
1 Newark 2, N. J.). The resulting reaction was allowed to proceed for 5 
minutes with occasional swirling after which the excess sodium was decom-
posed with methyl alcohol. Ten ml. of distilled water was added and the 
solution was neutralized to the phenolphthalein end point with 10% nitric 
acid. Two ml. of nitric acid was added in e x cess. The resulting solution 
was centrifuged for 15 minutes. The aqueous layer was removed with a 
medical syringe and filtered through Whatman No. 41 H paper. The halide 
was then precipitated as described above with mercurous nitrate. 
Counting Procedure 
The specific activity was determined by counting the mounted samples 
of a mix ture of mercurous chloride and bromide. Mercurous bromide from the 
toluene extract was contaminated with radioactive chloride due to exchange, 
whereas inactive bromide was added to the aqueous extract before precipi-
tat ion. 
The whole counting unit was allowed to warm up for about an hour. 
The mounted sample was then placed inside the Manual Sample Changer and 
the detector assembly was flushed with P-10 gas before the counting was 
started. The rate of flow of gas was maintained at 105 ml. per minute 
during the counting. The counting procedure is described in detail else-
where in this section (page ~:L). 
1. R. L. Menville and W. W. Parker, Anal. Chern., }1, 1901 (1959). 
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Validation of the Extraction Procedures 
In order to study the efficiency of the extraction procedure it is 
necessary that the distribution coefficient of the ionophore be studied 
as a function of ionic strength under the conditions of the experiment. 
This, however, sidetracks the main research problem. 
In the present investigation heavy reliance was placed on the 
percentage of exchange at the beginning of the reaction. In the case of 
rubidium chloride and tetramethylammonium chloride the initial exchange 
values were mostly less than 2% (11 out of 13). Thus, the extraction 
procedure was considered quite satisfactory. However, in the case of 
tetraethylammonium chloride, one blank experiment in the absence of 
£-nitrobenzyl bromide was carried out. The distribution coefficient 
3 -1 
values were 9.76% and 8.48% at 1.011 x 10- moles 1. of ionophore 
concentration. This gave an average value of 9.12% which is quite close 
to initial exchange values observed in three out of four runs with 
tetraethylammonium chloride. 
The value of 3.81% initial exchange in the fourth run is not under-
stood. A mathematical attempt to correct the percentage exchange (F) 
values gave indistinguishable slopes within the experimental error. 
Therefore, it was assumed that this factor remained constant during the 
run and no attempt was made to correct the experimental F values. 
Validation for the Addition of Carrier Salts During Precipitation 
-2 It was found necessary to have at least 10 mg. em. thick samples 
for accurate and reproducible determinati6n of radioactivity. All the 
kinetic experiments were carried out at low ionophore concentration and 
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the aqueous extract from an aliquot of reaction solution was not concen-
trated enough to produce minimum thickness of mercurous halide precipitate. 
In order to achieve the minimum thickness, inactive potassium chloride 
and potassium bromide were added to it before precipitation. A calculated 
amount of carrier salt was added to a 3.00-ml. aliquot of potassium chloride-
36 solution such that the amount of precipitate was constant. The precipi-
tation was carried out by the addition of mercurous nitrate solution as 
described elsewhere. The precipitates were mounted on aluminum discs and 
their specific activity was determined. Two sets of data were available 
starting from two solutions differing in the concentration of KC1 36 of 
same specific activity. 
TABLE 3-III 
Effect of Inert Salts on Specific Activity 
Set A 
Weight of Precipitate 
(mg.) 
34.10 
32.69 
33.50 
34. 70 
31.90 
32.10 
Counts 
(min. -l) 
64729 
62994 
63415 
66121 
60553 
60246 
Average: 63009 ~ 2367 (Std. Dev.) 
Set B 
Weight of Precipitate Coun~I 
(mg.) (min. ) 
34.45 62202 
33.30 62472 
32.90 60829 
36.80 64175 
36.30 60933 
Average: 62120 ~ 1770 (Std. Dev.) 
Set A: Constant amount of inactive potassium chloride was added to a fixed 
amount of potassium chloride of constant specific activity. 
Set B: Varying amounts of inactive potassium chloride and potassium bromide 
were added to a fixed amount of activity such that the total amount 
of precipitate was constant. The ratio of the moles of potassium 
chloride to potassium bromide was 0.01, 0.15, 3.0, 6. 7 and 10. 
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The data presented in Table 3-III show that the specific activity 
does not change by the addition of either potassium chloride or potassium 
bromide. Thus it is independent of the nature of the precipitate. 
~-Nitrobenzyl Chloride as a Substrate 
In the beginning, our intention was to study the kinetics of 
chlorine-36 exchange between ~-nitrobenzyl chloride and MC1 36 in liquid 
sulfur dioxide at 0° C. The experiments were carried out with rubidium 
chloride and tetramethylammonium chloride. It was observed that the 
exchange reaction is too slow to be measured accurately. In certain 
0 
cases no exchange was observed after several hundred hours at 0 C. 
This led us to choose ~-nitrobenzyl bromide as a substrate. 
Measurement of Radioactivity 
All radioactive elements are characterized by their radiations. 
These radiations possess very high characteristic energy and cause 
ionization when they come in contact with matter. In the process of 
ionization large numbers of electrons and positive ions are produced. 
The measurement of radioactivity is based on this ionization. 
If ionization occurs in a gas filled chamber between two elec-
trades with a potential difference between them, the electrons travel 
toward the anode. These electrons migrate much more rapidly than the 
heavier positive ions move toward the cathode. Thus, they cause a charge 
to be collected on the positively charged center wire and a current 
passes from the anode to the other electrode. The ion current observed 
increases with increase in the potential difference, until a constant 
value is reached. The constant value of the current is called the satu-
ration current. The range of voltage over which the saturation current 
so 
is obtained depends on the geometry of the counter, the nature and the 
pressure of the gas, and the surface and distance between the electrodes. 
Below the saturation current region, when the potential difference 
between the electrodes is small, some of the ions recombine before they 
are collected at the electrode. Thus, the ion current is reduced. 
If the potential difference is increased still further above the 
saturation current region the primary ions (particularly electrons) 
acquire enough energy to cause secondary ionization, and this results in 
the formation of an avalanche of electrons. The region where secondary 
and tertiary ion pairs are produced is called the multiplicative region. 
Detection devices may be classified according to the region used. 
Among the gas ionization devices are the pulse ionization chamber, 
proportional counter and Geiger-Muller counter. Scintillation methods 
work on a different principle, however. 
Ionization chambers which are normally operated in the saturated 
current region may be used as detectors for individual particles 
(particularly alpha). The ions produced are collected with as little 
recombination and as little multiplication as possible. 
In the multiplicative current region, as the applied voltage is 
increased the ion current or pulse height becomes proportional to the 
initial ionization. Proportional counters are operated in this region. 
They are generally used for counting alpha and beta particles and enable 
one to distinguish between particles of different energy. They usually 
require external amplification to obtain pulses that can be measured 
satisfactorily. However, they have several advantages over Geiger coun-
ters. They are more stable and more reproducible in their operation, 
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and have longer and flatter plateaus. They can be used for higher count-
ing rates (up to ~106 counts per minute) with very small dead time 
losses. 
If the voltage is increased further, pulse height continues to 
increase, until it becomes independent of the number of initial ion 
pairs produced. Geiger-Muller counters operate in this region and 
generally do not require any external amplification. They are capable 
of detecting alpha, beta and gamma radiations within their limitations 
(low counting rates, shorter plateaus and larger dead time losses) and 
are quite popular due to simple construction and low cost. 
If the voltage is increased still further, a region of ''continuous 
discharge" is obtained. It is very harmful to operate counters in this 
region. 
Characteristic Curve 
All detectors,when used with a recording circuit, possess a region 
where the counting rate is nearly independent of the applied voltage. 
As the voltage is raised, no pulses will be registered until a certain 
voltage is reached. The rate of counting rises steeply with the applied 
voltage until it becomes constant. This region is called a plateau and 
its slope (expressed in change in counting rate per volt) is usually 
less than 0.1% per volt. 
At the end of the plateau, the counting rate again rapidly 
increases with applied voltage and finally reaches a region of continuous 
discharge. A plot of the counting rate against the potential difference 
is called the characteristic curve. All counters are operated at the 
center of the plateau. 
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(FD-1) 1 is a thin window flow counter which may be used for Geiger 
counting or proportional counting with a suitable preamplifier. It has 
an inlet and an outlet for maintaining a gas stream and is claimed to have 
e fficiency slightly below that of a windowless flow counter. The window 
is made of Mono Mol Resin coated with aluminum and has a diameter of 1.25 
inches and thickness of less than 125 micrograms per square centimeter. 
The Window Assembly fits neatly into the Counter Shield Assembly 
(SH-1), which was machined from solid brass, and chrome-plated. The 
whole assembly was lowered slowly into a shielded Manual Sample Changer 
(SC-101). 
In this investigation, the detector was connected to a Versamatic 
Scaler (SC-72) and a high voltage source through a Proportional Pre-
amplifier (P-30). A mixture of 90% argon and 10% methane (commercially 
known as P-10 gas, supplied by The Matheson Company, Inc., N.J.) was 
slowly passed in at atmospheric pressure. The rate of flow, 105 cc. 
per minute, was controlled by a Flow Meter (G-5). The mounted samples 
were placed inside the Manual Sample Changer. 
Determination of Plateau 
A weighed amount of mercurous chloride precipitate was prepared 
from potassium chloride-36 according to the techniques mentioned in the 
e xperimental section. It was mounted as described before (page 45). 
The mounted sample was placed inside the sample changer . The air inside 
the proportional counter was displaced by a rapid stream of P-10 gas for 
1. All the counting equipment was obtained from Tracer Lab, Inc., 
Waltham, Mass. The letters in parentheses indicate model numbers. 
about five minutes. The rate of flow of the gas was then adjusted to 
105 cc. per minute. 
The voltage was gradually increased from zero to the point where 
only few counts per minutes were registered. The number of counts per 
minute were registered at intervals of 100 volts up to 2000 volts and 
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at intervals of 50 volts up to 2450 volts. The counting rate increased 
tremendously with further increase in the applied voltage. This is called 
the region of continuous discharge. A plot of counting rate vs. applied 
voltage is shown in Figure 2. 
It was found appropriate to operate the counter at 2300 volts with 
scaler sensitivity at 0.05 volt. At 0.05V sensitivity the ratio of the 
square of the sample counting rate to the corresponding background is a 
maximum. 
Errors and Correction 
There are several types of errors which have to be considered when 
counting soft betas such as from chlorine-36 (0. 714 Mev). The errors 
can be divided as follows: 
(a) Background correction. 
(b) Counts lost due to dead time of the counter. 
(c) Back scattering, which increases the amount of radiation 
reaching the counter. 
(d) Self absorption which tends to decrease the amount of 
radiation reaching the counter. 
(e) Actual geometry of the counter and statistical errors. 
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Background Correction 
All counters register some counts even when there is no radioactive 
source nearby. There are several reasons for this. Small amounts of 
activity may be present as impurit i es in the construction materials. Also, 
there are appreciable amounts of radon and thoron and their decay products 
in the air. Finally, cosmic radiation contributes to this counting rate. 
Most of the radiations can be eliminated by shielding the counter with 
lead. However, cosmic radiations are difficult to eliminate. The net 
effect of all these sources is called "background" counts. 
To determine the background, the counter was operated without a 
sample before and after regular counting. The background was usually 
14 + 2 counts per minute. All the counts were corrected for background 
reading. 
Dead Time of the Counter 
When the ionization takes place in a gas, the electrons formed 
reach the anode in about 0.5 microsecond and are discharged, but the 
positive ions require 200 to 500 microseconds to disperse and reach the 
cathode. Therefore, immediately after the discharge of electrons the 
anode is surrounded by a shell of positive ions. The effect of this 
charge is to reduce the voltage gradient below the value necessary for 
ion multiplication. This is followed by the process of counter recovery 
to normal voltage. This time interval is called the dead time. Any 
particle which enters the counter during this interval will not be 
counted. Therefore, a correction has to be applied for the loss of 
counts during this time. 
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The dead time of Geiger-Muller counters is about 200 to 500 micro-
seconds. However, amplifier circuits with time constants of the order of 
10-
6 
seconds are used to "clip" the pulses from proportional counters. 
With the aid of a "clipping circuit," the dead time of a proportional 
counter is reduced to less than one microsecond. 
In order to determine the loss due to dead time the following 
equation1 can be used: 
where Rt 
R 
0 
true counting rate; 
observed counting rate; 
dead time; 
-6 -8 1 x 10 second o~ 1.66 x 10 minute. 
The highest counting rate encountered in the present investigation was 
5 6.9 x 10 counts per minute. This corresponds to maximum dead time 
error of about 1%. Furthermore, a ratio of counts of two samples is 
employed in the rate equation (F Organic counts Organic counts + Aqueous counts) 
used in the present study. A few trial calculations showed that the 
correction was too small to be significant. 
Back Scattering Phenomena 
Radiations from a radioactive source are emitted in all directions 
and those which are reflected from the backing material (e.g. planchet) 
cause additional ionization and thus increase the counting rate. The 
1. R. T. Overman and H. M. Clark, "Radioisotope Techniques," 
McGraw-Hill Book Co., Inc., New York, 1960, p. 56. 
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thickness and atomic number of the backing, the distance between the 
sample and the counter and the energy of the beta particles contribute to 
it. Back scattering is high with high Z materials and it approaches 
saturation with increase in the thickness of the backing. 
In the present case, all the samples were mounted on aluminum disc 
of 1.5 inches in diameter and 1 mm. thickness. They were placed approxi-
mately 5 mm. from the window. Therefore, the error was constant and no 
correction was applied. 
Geometry and Statistical Errors 
The efficiency of the counter is dependent upon the position and 
distance of the sample from the window. In practice, the counter geometry 
remains fixed throughout and usually requires no correction. 
The occurrence of nuclear disintegration is a random phenomenon 
subject to statistical analysis. The statistical error is large when the 
accumulated counts are small. To minimize this error, the samples were 
counted for longer periods such that the statistical error was always 
less than 1.5%. 
Self Absorption 
It is difficult to separate absorption from the scattering caused 
by the sample. Self-scattering reaches a limiting value at fairly low 
sample thickness. However, self absorption increases with increase in 
the amount of material. It eventually predominates and cancels the self-
scattering effect. Therefore, they are normally considered together. 
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Determination of Self Absorption 
In order to determine the effect of variation of sample thickness 
on the counting rate, a solution of potassium chloride-36 of known concen-
tration was prepared. A calculated amount of potassium bromide solution 
added to a 3.00-ml. aliquot of KC1 36 solution such that the weight of was 
the precipitate (Hg2 c1 2 and Hg2Br2 mixture) was different each time. The 
precipitation procedure has already been described. The activity of each 
sample was determined. The data of seven samples are presented in 
Table 3-IV. 
TABLE 3-IV 
Effect of Precipitate Thickness on Activity 
No. 
1 
2 
3 
4 
5 
6 
7 
Weight of Precipitate 
-1 (mg.) Counts min. 
24.15 61550 
29.35 60270 
32.90 60099 
34.45 61580 
36.30 60011 
41.10 61161 
46.60 59656 
Average: 60618 + 793 (std. dev.) 
A plot of log activity against weight of the sample was a straight line. 
Secondly, the treatment of the data by the least squares procedure gave 
-1 
a negative slope of 49 counts min. per mg. Since the samples from 
.aqueous and organic extracts were matched as far as possible, the value 
of the slope was not considered significant. Thus, it was concluded that 
no self absorption correction was necessary in the present investigation. 
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Effect of Dilution on Specific Activity 
During the course of this investigation the concentration of the 
ionophores was varied over a wide range. When the kinetic experiments 
were performed at very low concentrations, the aqueous extract from an 
aliquot of the reaction solution did not provide a sufficient amount of 
mercurous chloride precipitate. Thus, large amounts of potassium bromide 
were added to the aqueous extracts before precipitation to achieve mini-
mum sample thickness. Therefore, it became essential to study the effect 
of added carrier salt over a wide range of specific activity. This was 
done by taking different amounts of KC1 36 solution while the amount of 
precipitate (Hg 2c1 2 and Hg 2Br2 mixture) was kept constant. The specific 
activity of the samples was determined. The data of this experiment are 
shown in Table 3-V. 
TABLE 3-V 
Dilution Effect on Specific Activity 
Weight of Precipitate 
Hg 2c12 
(mg.) 
1.5 
3.0 
6.0 
9.0 
13.5 
18.0 
27.0 
Weight of Total 
Precipitate 
(mg.) 
34.60 
35.45 
35.40 
34.45 
32.50 
36.70 
35.20 
-1 Counts min. 
10102 
20430 
38242 
61580 
96784 
128 717 
192075 
-1 Counts min. /mg. 
of Hg2c1 2 
6. 73 
6.81 
6.37 
6.84 
7.17 
7.15 
7.11 
Average 6.88 
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The specific activity of the samples would not be expected to change 
with the amount of added inert potassium bromide so long as the total 
weight of the precipitate is kept constant. The constancy of the ratio 
of counts per minute per unit weight of Hg2c1 2 (last column of Table 3-V) 
confirms this observation. 
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Conductivity Measurements 
In order to determine the effect of ionic association on nucleo-
philic reactivity, the thermodynamic equilibrium constants of the 
. h 1 ~onop ores were desired. This section deals with conductivity 
measurements on potassium chloride, rubidium chloride, cesium chloride 
and tetraethylammonium chloride, all but one of which are directly 
related to the kinetic measurements. 
The equilibrium constant of potassium chloride was found to be 
-5 -1 2 7.4 x 10 mole 1. by Leftin. Because this value was later ques-
. d3 t~one , it was reevaluated in the present work and found to be 
-5 -1 6. 8 x 10 mole 1. . 
4 Jander reported the solubility of rubidium chloride in liquid 
0 
sulfur dioxide as 27.2 millimoles in 1000 g. of S0 2 at 0 C. His values 
have often been found to be much higher than those observed in these 
laboratories. The discrepancies have been mainly attributed to the 
impurities present in his sulfur dioxide. The present author found the 
solubility of rubidium chloride to be about 10 millimoles per 1000 g. 
of the solvent at 0° C. 
1. R. M. Fuoss, J. Chern. Ed., 32, 150 (1955). Fuoss defines 
ionophores as molecules which are ionic in the crystal. 
2. N. N. Lichtin and H. P. Leftin, J. Phys. Chern., 60, 160 (1956). 
3. N. N. Lichtin, Prog. Phy. Org. Chemistry, Vol. I, Interscience 
Publishers, 1963, p. 81. 
4. G. Jander, "Die Chemie in Wasser·ahnlichen Losungsmitteln," 
Springer-Verlag, 1949, p. 231. 
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Experimental Section II 
The vacuum line and the bridge assembly for measuring resistances 
1 have been described by Pappas. Cell "No. 1" was used in this series · 
of measurements. The temperature of the oil thermostat was controlled 
at 0.00 + 0.02° C. 
The cell constant was measured with the aid of aqueous potassium 
chloride solution. The solution was made up to a concentration as close 
as possible to Jones and Bradshaw2 standard solution. 
Potassium chloride, "Baker Analyzed Reagent," was crystallized 
three times from distilled water, dried in an Abderhalden apparatus at a 
-2 pressure of 1 x 10 rnm. of Hg using benzene as the thermostat. It was 
stored in a desiccator before use. The cell constant was found to be 
0.2389 after correcting for the conductance of water. Two successive 
approximations were necessary to arrive at a constant value. 
The potassium chloride sample used for the determination of the 
cell constant was also used to carry out the conductance measurements. 
Rubidium chloride, "Purum," obtained from Fluka AG Chemische 
Fabrik Buchs SG, Switzerland, was crystallized three times from methanol 
(Baker Analyzed Reagent). The solid was finally washed with 4 ml. of 
cold methanol and dried for 20 hours in an Abderhalden apparatus at a 
-2 pressure of 1 x 10 rnm. of Hg using boiling acetone as the thermostat. 
It was stored in a desiccator. 
1. P. Pappas,"Dissociation Equilibria of 
Shaped Ions in Liquid Sulfur Dioxide Solution," 
Boston University, 1960, pp. 64-68. 
Spherical and Disc 
Ph.D. Dissertation, 
2. G. Jones and B. C. Bradshaw, J. Am. Chern. Soc., 22, 1780 
(1933). 
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Runs MSP-10, 11 and 12 were carried out with this sample. The solid 
0 
was f urther dried in an oven at 130 C. f or 4 hours and Run MSP- 21 was car-
ried out. Results of all four agreed. It was found difficult to obtain 
very good solvent conductance. The value of the specific conductance of 
the solvent, kso2 , varied from 9.59 x 10-
7 to 3.21 x 10- 7 mhos cm- 1. Con-
-1 
sequently, the data between 2000 and 35000 1. mole were employed for the 
calculation of Ao and Kd. 
employed was 5%. 
The max imum value of the ratio kso2/k 1 . , so ut~on 
Cesium chloride, "Purum" (stated purity 99%), obtained from the same 
source as rubidium chloride, was crystallized three times from methanol. 
The solid was finally washed with 4 ml. of cold methanol and dried as 
above for 24 hours. It was stored in a desiccator before use. 
Tetraethylammonium chloride, "White Label," Eastman Kodak Company, 
was purified by two different methods. In the case of sample A the purifi-
cation was carried out by recrystallizing thrice from a mix ture of 90% 
acetone and 10% absolute ethanol. 
Analysis (Scandinavian Microanalytical Laboratory): 
Found: % Cl = 22.38; Calc'd % Cl = 21.39. 
Analysis (Micro-Volhard Method) 1 : 
Found: % Cl 20.80 (after one year). 
In the case of sample B the solid was crystallized three times from 
ethylene dichloride (J. T. Baker, purified) under an atmosphere of dry 
nitrogen. Finally, the crystals were washed with 2 ml. of cold solvent. 
The dried sample was stored in a desiccator and was analyzed for elemental 
chlorine using a Micro-Volhard method. 
1. P. Pappas, Ph.D. Dissertation, Boston University, 1960, p. 59. 
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Analysis: Found: % Cl 21.60; Calc'd % Cl 21.39. 
Introduction of Samples in the Cell 
The solubilities of rubidium chloride and tetraethy lammonium 
chloride were sufficiently high to permit direct introduction of the 
sample in the cell. However, in the case of potassium chloride and 
cesium chloride aqueous solutions of known concentrations were prepared. 
The stock solution was weighed. Then a calculated amount of the solution 
was added to the cell with the aid of a medicine dropper and the stock 
solution was reweighed. The amount of the solute present in the cell was 
then calculated. The water in the cell was evaporated under vacuum. The 
cell was thoroughly cleaned for each run. The cleaning process consisted 
of washing the cell with dichromate cleaning solution, water, ammonium 
hydrox ide, distilled water, three times with acetone and finally three 
times with petroleum ether in that order. 
The conductance data are listed in Appendix II. 
IV. RESULTS AND ANALYSIS OF THE DATA 
Presentation of Data 
The data obtained from the investigation of kinetics of chlorine-36 
exchange between £-nitrobenzyl bromide and MC1 36 in liquid sulfur dioxide 
at 0° C. are presented in this section. The experiments consisted of 
measuring the incorporation of chlorine-36 activity into £-nitrobenzyl 
bromide at specific concentrations of the two reactants as a function of 
time. In practice, the activity of both organic and aqueous extracts 
was measured and the fraction exchanged, F = counts in organic layer 
divided by the sum of counts in organic and aqueous layers, was then cal-
culated. Tables depicting time, the number of counts and fraction ex-
changed (F) for each kinetic run are presented in Appendix I. 
The second order rate expression for the Finkelstein replacement 
reaction, eq. (4-1), can be easily derived. 
RBr + MC1
36 RC1 36 + MBr (4-1) 
However, assuming that the concentration of RBr was much larger than the 
concentration of MCl, the rate expression is simplified to that of a 
pseudo first order reaction. The rate law which was employed in the pre-
sent case is the following: 
k' 2 t/2.303 =-log. (1-F) (3-3) 
where k'
2 
is the pseudo first order rate constant with respect to the 
ionophore. For each run -log.(l-F) + 2 vs. t(seconds) was plotted. 
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Equation (3-3) predicts that such a plot must result in a straight line 
I 
and the slope of the line is given by S = k 2 /2.303. The values of the 
second order rate constant, k2' were calculated with the aid of eq. (4- 2). 
(4-2) 
Tables 4-I to 4-IV show the concentration of the reactants, the 
experimental values of slopes, and the calculated values of k2 and k2 • 
The slopes were calculated by the method of least squares. Each table is 
arranged in the order of decreasing concentration of MC1
36
. 
It was also observed that the values of k 2 calculated from the 
treatment of the data with the aid of second order rate expression were 
identical to those found by the above method. 
If one assumes that the percentage of reaction followed in these 
investigations was too small to effect any drastic change in the concentra-
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tions of the reactants, the above rate expressions can be further simplified 
to pseudo zero order. The application of zero order rate equation gave 
almost identical values of k 2 to either by pseudo first order or second 
order expressions. 
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Rubidium Chloride & p-Nitrobenzyl Bromide 
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Rubidium Chloride & p-Nitrobenzyl Bromide 
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Rubidium Chloride & p-Nitrobeflzyl Bromide 
12 
RUN-MSP-42 
15 18 
-4 Seconds x 10 
(MCl] = 0.0006075 M 
[RBr] = 0.03980 M 
21 24 27 30 33 
2.24 
2.20 
(\) 
2.16 ..:!:. 
f=.; 
I 
r-1 
........ 
. 
bO 
0 
2.12 1 
2.08 
Fi gure 13 
Potassium Chloride & p-Nitrobenzyl Bromide 
RUN-HSP-34 
= 0 . 0008294 M 
[RBr] = 0.09974 H 
2.04L-----~------~----~~----~----~~----~~----~----~~----~------~------~--
o 3 6 9 12 15 18 21 2L1- 27 30 33 
Seconds x 10-4 
2.20 
2.16 
N 
2.12 + ,..... 
r.t. 
I 
.-I 
......, 
. 
tl.O 
0 
.-I 
2.08 I 
2.04 
Figure 14 
Tetramethylammonium Chloride & e-Nitrobenzyl Bromide 
RUN-MSP-20 
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(RBr] = 0.05023 M 
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Tetramethylammonium Chloride & p-Nitrobenzyl Bromide 
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Tetramethylammonium Chloride & £-Nitrobenzy1 Bromide 
RUN-MSP-25 
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[RBr) = 0.05107 M 
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Tetramethylammonium Chloride & e-Nitrobenzyl Bromide 
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Tetramethylammonium Chloride & E-Nitrobenzyl Bromide 
RUN-MSP-27 
(MCl] = 0.007829 M 
(RBr] = 0.06518 M 
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Tetramethylammonium Chloride & E-Nitrobenzyl Bromide 
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Tetramethylammonium Chloride & p-Nitrobenzyl Bromide 
RUN-MSP-29 
[MCl) = 0.@07772 M 
[RBr] = 0.09389 M 
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Tetramethylammonium Chloride & £-Nitrobenzyl Bromide 
RUN-MSP-30 
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[RBr] = 0.05107 M 
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Figure 22 
Tetraethylammonium Chloride & p-Nitrobenzyl Bromide 
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Figure 23 
Tetraethylammonium Chloride & p-Nitrobenzyl Bromide 
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Figure 24 
Tetraethylammonium Chloride & p-Nitrobenzy1 Bromide 
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Figure 25 
Tetraethylammonium Chloride & p-Nitrobenzyl Bromide 
RUN-MSP-39 
[MCl) = 0.0007338 M 
[RBr) = 0.05448 M 
2.20 
2.16 
('\J 
2.12 + ,..., 
J:1. 0 I 
"'"" ...... 
. 
bD 
0 
2.08 
"'"" I 
2.04 
6 
Seconds x 10-4 
90 
TABLE 4-I 
Kinetics of c1 36 Exchange between E-Nitrobenzyl Bromide and Rbc136 in 
Liquid Sulfur Dioxide at 0° c. 
RbCl X 104 4 S X 109 k' X 108 6 Run No. RBr x 10 2 k2 X 10 
mole -1 mole 1. -1 -1 -1 -1 -1 1. sec. sec. l.mole sec. 
MSP-18 65.28 300.1 54.68 12.59 4.20 + 0.33 
-
MSP-19 62.44 356.6 67.77 15.61 4.38 + 0.36 
-
MSP-31 23.57 362.2 111.9 25.77 7.11 + 0.58 
-
MSP-41 10.76 331.1 118.8 27.36 8.26 + 0.86 
-
MSP-42 6.075 398.0 188.6 43.43 10.91 + 1.45 
-
TABLE 4-II 
. . f c136 between E-Nitrobenzyl Bromide and 36 K~net~cs o Exchange (C 2H5) 4NC1 
in Liquid Sulfur Diox ide at 00 c. 
(c 2H5\NC1 x 10
4 4 S X 109 k' X 108 6 Run . No. RBr x 10 2 k 2 X 10 
-1 
mole 1. -1 -1 -1 -1 -1 mole 1. sec. sec. l.mo1e sec. 
MSP-35 104.0 479.4 440.9 101.5 21.17 + 1. 26 
-
MSP-40 56.15 544.6 584.5 134.6 24.72 + 1.50 
-
MSP-38 21.53 479.5 572.1 131.8 27.49 + 3.27 
-
MSP-39 7.338 544.8 701.7 161.6 29.66 + 2.36 
-
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TABLE 4-III 
Kinetics of c1 36 Exchange between £-Nitrobenzyl Bromide and (CH ) NC1 36 3 4 
in Liquid Sulfur Diox ide at 0° c. 
Run No. (CH3) 4NC1 X 10 4 RBr x 104 S X 109 k2 X 108 k 2 X 10 
6 
-1 
mole -1 -1 -1 -1 mole l. l. sec. sec. l.mole sec. 
MSP-20 101.1 502.3 308.5 71.05 14.14 + 0.78 
-
MSP-27 78.29 651.8 424.7 97.81 15.01 + 0.83 
-
MSP-29 77.72 938.9 712.4 164.1 17.48 + 1.31 
-
MSP--28 76.82 333.0 225.1 51.84 15.57 + 1.50 
-
MSP-24 25.22 870.9 614.3 141.5 16.25 + 0.93 
-
MSP-25 22.72 510.7 417.4 96.13 18.82 + 1.02 
-
MSP-26 10.59 504.6 497.7 114.6 22.71 + l. 21 
-
MSP-30 5.926 510.7 596.7 137.4 26.90 + 2.41 
-
TABLE 4-IV 
Kinetics of c136 Exchange between £-Nitrobenzyl Bromide and KC1 36 in 
Liquid Sulfur Diox ide at 0° C. 
Run No. KCl X 104 4 S X 109 k' X 108 6 RBr x 10 2 k 2 X 10 
-1 
mole l. -1 mole l. -1 -1 -1 l.mole -1 -1 sec. sec. sec. 
MSP-34 8.294 997.4 397.7 91.6 9.18 + 0.22 
-
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Tables 4-I to 4-III show that the reaction does not obey simple bimolecular 
kinetics since the value of k 2 increases as the concentration of the iono-
phore is decreased. These results point out that this exchange reaction 
is not a simple one and a more complicated kinetic equation is required. 
It has been known for quite some time that the ionophores e x ist in equili-
brium between ion pairs and free ions in a medium of low dielectric constant. 
If it is assumed that the associated ions act as nucleophiles, the kinetic 
equation (4-3) represents substitution by the free chloride ion and also the 
paired ion independently. 
(4-3) 
or 
Alternatively, eq. (4-4) represents a combination of three indepen-
dent substitution reactions, i.e. a reaction first order in RBr and zero 
order in MCl, a substitution reaction which is first order with respect 
to both RBr and free chloride ion and a reaction which is first order in 
both RBr and the paired ion. 
~ 
Re = k 1 (RBr) + kf(RBr)(Cl-) + kp(RBr)(M+Cl-) (4-4) 
1 Lichtin and Rao found that the unimolecular mechanism does not contribute 
significantly to the exchange reaction of E-nitrobenzyl bromide with bromide 
in liquid so2 . Thus, eq. (4-4) reduces to (4-3) if the value of k 1 is set 
equal to zero. 
In order to solve the above equations the concentrations of Cl and 
~ 
M+Cl- are desired. These values were calculated from the thermodynamic 
1. N. N. Lichtin and K. N. Rao, J. Am. Chem. Soc., 83, 2417 (1961). 
dissociation constants for MCl and the Debye-Huckel equation for the mean 
activity coefficient of an ion, eqs. (4-5) and (4-6). 
where 
Kd 
Kd 
y+ 
-
B 
a 
2 
=a BY
2 
+ 
I (1-a ) (4-5) 
is 
is 
is 
is 
the 
the 
the 
the 
dissociation constant 
mean ionic activity coefficient 
molar concentration of MCl 
degree of dissociation 
1.290 x l06 (nT)- 312 (2a B) 1 / 2 
1 + 35.56a(DT)-l/ 2 (2a B)l/ 2 
D dielectric constant 
T temperature in °Absolute 
(4-6) 
a = distance of closest approach of the counter ions 
0 
in A units. 
Assuming the value of y+ equal to unity, the first value of a was 
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calculated from the known values of Kd and B according to eq. (4-5). This 
value of a was used in eq. (4.:.6) to get the first value of Y+. This 
value of -y± was . substituted in (4-5) to get a second value of a which was 
then used in (4-6) to obtain a second value of Y±. This iterative proce-
dure was repeated until two successive values of a did not differ by more 
than 1 part in 10,000. These calculations were carried out on IBM 1620 
digital computer (Appendix III). 
The dissociation constants for ·the ionophores, except for tetra-
methylammonium chloride, used in this investigation, were determined and 
they are discussed elsewhere in this section. The dissociation constant 
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1 for tetramethylammonium chloride was determined by Clougherty The method 
of determining the dissociation constant involves the measurement of 
conductivity of solutions of MCl in liquid sulfur dioxide at various con-
centrations and then to calculate the dissociation constant with the aid 
2 
of Shedlovsky method . The values of Kd used are represented in Table 4-V. 
Ionophore 
KCl 
RbCl 
(CH) 4NC1 
(C 2H5) 4NC1 
TABLE 4-V 
Dissociation Constants of the Ionophores from 
Conductivity Data3 
Temperature Kd X 10 4 Variance 1/2 X 
00 c. moles 1. -1 95% C.L. 
0 0.684 0.024 
0 0.902 0.066 
0.29 10.26 0.35 
0 24.72 1. 99 
104 
Letter a in eq. (4-6) is defined as the distance of closest approach 
of two oppositely charged ions. According to Fuoss, it can be taken as the 
sum ~f the ionic radii of the ions. However, Bjerrum4 considered the 
probability of finding an i-ion at distance r, from the central j-ion and 
found that there is minimum probability for a particular distance q between 
the ions, as defined in eq. (4-7). 
1. E. V. Clougherty, Ph.D. Dissertation to be submitted to Boston 
University. 
2. T. Shedlovsky, J . Franklin Inst., 225, 739 (1938). 
3. See page 107 . 
4. N. Bjerrum, Kgl. Danske Vidensk. Selskab., 2, No. 9 (1926). 
minimum q (4-7) 
where z1 , z2 are the charges on ions i and j, 
e is electronic charge, 
k is Boltzman constant, 
D is dielectric constant, 
0 0 0 T ~s temperature ~n K. 
All the ions which can approach closer than q(A0 ) were defined as 
"undissociated" ion pairs. Therefore, they should not contri.bute to the 
ionic atmosphere. These views suggest that a in eq. (4-6) may assume a 
value between the sum of ionic radii and Bjerrum's q. 
In the present investigation, a values have been calculated for both 
a= sum of ionic radii and a= q (Bjerrum). 1 The results are given in the 
Tables 4-VI to 4-IX. 
1. Robinson and Stokes have used a and q synonymously in discussing 
the formulation of the potential of the ions. R. A. Robinson and R. H. 
Stokes, Electrolyte Solutions, Academic Press, Inc., New York, II Ed. 
(1959)' p. 84. 
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TABLE 4-VI 
Activity Coefficients and a Values for Rubidium Chloride in 
Liquid Sulfur Dioxide at 0° c. 
Run No. RbCl X 104 y a y' ex ' 
-1 
-+ + 
mole -1. 
MSP-18 65.28 0.620 0.172 o. 722 0.150 
MSP-19 62.44 0.624 0.175 0.724 0.153 
MSP-31 23.57 0.707 0.241 0. 770 0.224 
MSP-41 10.76 o. 762 0.315 0.804 0.301 
MSP-42 6.075 0.798 0.380 0.829 0.369 
TABLE 4-VII 
Activity Coefficients and a Values for Tetraethylammonium 
Chloride in Liquid Sulfur Diox ide at 0° c. 
Run No. MCl X 104 y+ ex y' ex' 
-1 + -
mole 1. 
MSP-35 104.0 0.400 0.685 0.583 0.557 
MSP-40 56.15 0.473 0.730 0.618 0.642 
MSP-38 21.53 0.587 0.805 0.680 0.764 
MSP-39 7.338 0.705 0.884 0. 755 0.871 
Note: The primed quantities in Tables 4-VI and 4-VII refer to the cases 
of a= q (Bjerrum) which is 19.92 A0 at 0° C. The unprimed ex andy+ 
refer to the case of a= sum of ionic radii which are equal to 3.29-A0 
and 6.46 A0 for rubidium chloride and tetraethylammonium chloride respec-
tively (page 108). 
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TABLE 4-VIII 
Activity Coefficients and a Values for Tetramethylammonium Chloride 
in Liquid Sulfur Dioxide at 0° c. 
Run No. MCl X 104 y+ ex y' ex' 
-1 + 
mole 1. 
MSP-20 101.1 0.417 0.526 0.608 0.404 
MSP-2 7 78.29 0.449 0.545 0.622 0.437 
MSP-29 77.72 0.450 0.545 0.623 0.438 
MSP-28 76.82 0.451 0.546 0.623 0.439 
MSP-24 25.22 0.583 0.648 0.688 0.592 
MSP-25 22.72 0.595 0.659 0.695 0.607 
MSP-26 10.59 0.677 0.740 0.742 0. 712 
MSP-30 5.926 0.734 0.801 o. 779 0.784 
TABLE 4-IX 
Activity Coefficients and ex Values for Potassium Chloride 
in Liquid Sulfur Dioxide at 0° c. 
Run No. KCl X 104 y+ ex y' ex' 
-1 + 
mole 1. -
MSP-34 8.294 0.790 0.303 0.824 0.293 
Note: The primed quantities in Tables 4-VIII and 4-IX refer to the cases 
of a= q (Bjerrum) which is 19.92 A0 in liquid so2 at 0° C. The unprimed ex 
and y+ refer to the case of a = sum of ionic radii which are equal to 
5.11 A0 and 3.14 A0 for tetramethylammonium chloride and potassium chloride 
respectively (page IO 8). 
Equation (4-3) can be transformed into eq. (4-8). 
(4-8) 
or 
(4-9) 
The data were analyzed in terms of eq. (4-9) and were found to fit 
reasonably well for all the ionophores. The rate constants for the free 
1 ion and the ion pairs were calculated using least squares procedure for 
all the runs with an individual ionophore. The rate constants for the 
free ion and ion pairs are given in Table 4-X. 
TABLE 4-X 
Rate Constants for the Free Ions and Ion Pairs at 0° C. 
Ionophore kf X 10
5 k X 105 k 1 X 105 k' X 105 p f p 
-1 -1 l. -1 -1 l. mole sec. mole sec. 
RbCl 3.03 -0.108 2.97 -0.017 
(CH3) 4NC1 
(C 2H5 ) 4NC1 
KCl-1: 
3.22 
3.52 
(3. 26) 
-0.492 
-0.698 
-0.100 
2.97 0.434 
3.37 0.640 
(3.10) 0.014 
* For potassium chloride, data from only one run were available. 
The average of the values of kf for rubidium chloride, tetra-
methylammonium chloride and tetraethylammonium chloride was used 
in eq. (4-9) to find kp. Due to the high degree of initial 
exchange in· the one experiment and the very low concentration of 
the ionophore, not much emphasis can be placed on the results. 
Note: kf and kp are rate constants for the case of a= sum of 
ionic radii. The primed kf and kp are rate constants for 
the case of a= Bjerrum's q = 19.92 A0 • 
l. See page llo for least squares procedure. 
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TABLE 4-XI 
1: 
Variance 2 in the Rate Constants 
1: 1: 1: 1: Ionophore Variance 2 for kf Variance 2 for k Variance 2 for k£ Variance 2 for k' p p 
C.L. 50% 70% 95% 50% 70% 95% 50% 70% 95% 50% 70% 95/o 
RbCl 0.17 0.28 0. 72 0.049 0.080 0.203 0.16 0.27 0.68 0.040 0.066 0.168 
(CH) 4NC1 0.20 0.31 0.68 0.29 0.46 1.00 0.19 0.31 0.67 0.19 0.30 0.66 
(C 2H5) 4NC1 0.14 0.24 0.76 0.44 0.75 2.33 0.097 0.16 0.51 0.19 0.32 0.99 
The primed quantities refer to calculations based on a q(Bjerrum). The unprimed quantities 
refer to the cases of a = sum of ionic radii. 
1: 5 The variance 2 in the above table has been multiplied by 10 • The units are 1. mole-l sec.-l 
C.L. = confidence limits. 
t-' 
0 
0 
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The parameter a in the Debye-Huckel equation (4-6) has been interpreted 
as the distance of closest approach between two oppositely charged ions. It 
has been stated earlier that the value of a is not known accurately. It 
should be neither q(Bjerrum) nor the sum of ionic radii but some intermediate 
value. Assuming that the experimental data might fit best for some value of 
a which can be designated as a , the value of a was varied in units of 2 A0 
0 
from 0 to 19.92 A0 • In the event of best fit of the kinetic data for the 
case of a = the probable errors of the rate constants for the free ion 
and the ion pair should be minimum. The calculations of the rate constants 
and their probable errors were carried out on IBM 1620. The results are 
shown in Table 4-XII for the case of tetramethylammonium chloride. No 
minima in the probable errors was observed. This supports the earlier 
observations of Rao 1 • 
1. K. N. Rao, Ph.D. Dissertation, Boston University, 1960, 
pp. 163-166. 
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TABLE 4-XII 
Effect of Variation of a on the Rate Constants for (CH3) 4NC1 
at 00 c. 
5 1: 
X 105 1: a kf X lQ Variance 2 k Variance 2 
(50% C.L.) p (SOlo C. L.) 
-1 -1 -1 -1 l.mole sec. 
X 105 l.mo1e sec. X 105 
0.00 3.97 0.22 -2.94 0.49 
3.00 3.39 0.20 -1.02 0.34 
5.11 3.22 0.20 -0.492 0.29 
7.00 3.14 0.20 -0.210 0.27 
9.00 3.08 0.20 -0.012 0.25 
11.00 3.04 0.20 +0.120 0.23 
13.00 3.02 0.19 0.224 0.22 
15.00 3.00 0.20 0.303 0.21 
17.00 2.98 0.20 0.365 0.20 
19.92 2.97 0.19 0.434 0.19 
The 50% confidence limit values were corrected for the number of 
points using Fisher's t table. 
103 
Order of Reaction with Respect to £-Nitrobenzyl Bromide 
The rate of reaction can be related to the concentration of RBr and MCl 
by eq. (4-10). 
Rate = k (RBr)m (MCl)n 
n 
(4-10) 
There is a tremendous amount of data available in the literature which 
indicates that the reactions of the type under discussion are first order 
in each reactant. However, the order of reaction with respect to £-nitro-
benzyl bromide was determined by maintaining the concentration of MCl 
constant while the concentration of RBr was varied for the case of tetra-
methylammonium chloride. Then 
Rate k' (RBr)m 
n 
All the solutions were made under vacuum line techniqueq. 
(4-11) 
. Attempts were 
made to maintain the concentration of tetramethylammonium chloride constant 
in paired experiments where the concentration of £-nitrobenzyl bromide was 
varied. The concentration of RBt varied approximately three-fold in Runs 
MSP-28 and 29 and two-fold in Runs MSP-28 and 27 (Tables 4-III). The 
order of reaction with respect to the substrate was found to be about 1.2. 
Mechanistically, the fractional order is unthinkable and the deviation 
from unity is considered to be within experimental precision. Thus it 
was concluded that the reaction was first order in £-nitrobenzyl bromide. 
Analysis of KCl Data 
For three ionophores, the concentration of £-nitrobenzyl bromide 
was kept approximately constant and the concentration of the ionophores 
was varied over a wide range. However, in the case of potassium chloride 
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only one run could be carried out. Therefore, the method of least squares 
could not be applied for the calculations of kf and kp. The average value 
of kf for rubidium chloride, tetramethylammonium chloride and tetraethyl-
ammonium chloride was assigned as kf for potassium chloride. Thus, 
-5 -1 -1 -5 . -1 1 kf = 3.10 x 10 l. mole sec. and kp = 0.014 x 10 l. mole sec.-
were obtained for a= q (Table 4-X). However, there is a large uncertainty 
in the data for potassium chloride. Firstly, because of solubility limita-
tion the concentration of potassium chloride was very low and, in order to 
measure an observable rate, the concentration of RBr was high. This 
results in uncertainty in separation and counting. Secondly, the initial 
exchange was also very high and only one experiment was performed. 
Analys~s of Conductivity Results 
The thermodynamic equilibrium constant can be represented according 
to eq. (4-12). 
Ion pair 
(4-12) 
(The quantities in parentheses are activities.) 
The conductance measurements were carried out at 0° C. in liquid sulfur 
diox ide. The values for the dissociation constant (Kd) and the limiting 
equivalent conductance cJ\0) were evaluated by the extrapolation procedure 
1 2 described by Shedlovsky and discussed by Fuoss and Shedlovsky. 
where 
The procedure is based on eq. (4-13). 
A= 
A = 0 
B 
S (Z) 
1 1 
Ao 
s (z)_A By.·~ 
+ 
Equivalent conductance 
Equivalent conductance at infinite dilution (limiting 
conductance) 
Thermodynamic equilibrium constant 
Concentration in moles 1.-l 
Shedlovsky function 
(4-13) 
z 
2 
2 3 1 + z + z /2 + z /8- ... 
1. T. Shedlovsky, J. Franklin Institute, 225, 739 (1938). 
2. R. M. Fuoss and T. Shedlovsky, J. Am. Chern. Soc., 21, 1496 
(1949). 
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z s (BA)~/.A.J/2 
a o 
S Onsager Coefficient = a Jl + ~ 
a o 
D Dielectric constant 
T Absolute temperature 
""t = Coefficient of viscosity in poise 
y+ Mean ionic activity coefficient defined by 
-log. Y.~ = 3.648 x 106 /(DT) 312 (B}lS(Z)/~0 )l/Z 
1 Values of S(Z) were computed by Daggett by neglecting terms higher 
than z2 . The procedure involves a series of approximations. Only data 
between 2000 and 70000 1. mole-l were employed in calculating the equili-
brium constants. In the case of RbCl the upper limit was 35,000 1. mole-l 
and the highest value of kSO /k 1 . was 5% .' This limits the possible 2 so ut~on 
errors arising from the use of Debye-Huckel limiting law for the calculation 
of activity coefficients, y+,. It also limits errors due to "solvent 
correction." Starting from a reasonable assumed value of A
0
, suggested 
by a plot of }lvs. V, an iterative procedure was followed to find the 
true values of J\
0 
and Kd. Table 4-XIII shows the values calculated 
from the e xperimental data given in Appendix II. 
1. H. M. Daggett, J. Am. Chern. Soc., 11, 4977 (1951). 
Ionophore 
KCl 
RbCl 
CsCl 
1 (CH3) 4NC1 2 (CHJ) 4NBr 3 (A) (C 2H5) 4NC1 
(B) 
(C 2H5) 4NBr 
4 
TABLE 4-XIII 
Constants from Shedlovsky Treatment 
0 Temperature ( C.) 
0.00 + 0.02 
-
0.00 + 0.02 
-
0.00 + 0.02 
-
0.29 
0.12 
0.00 + 0.02 
-
0.00 + 0.02 
-
0.16 
Jlo 
mhos cm. 2/mole 
249.7 + 4.0 
248.1 + 7.7 
241.7 + 2.8 
-
243.2 + 0.6 
-
236 
221.3 + 0.8 
221.0 + 0.7 
-
215 + 1 
-
Kd X 10 4 
mole/liter 
0.684 + 0.024 
-
0.902 + 0.066 
1.271 + 0.037 
-
10.26 + 0.35 
ll.8 
29.95 + 3.33 
-
24.72 + 1. 99 
-
21.4 + 2.6 
-
k (The variance 2 values are for 95% confidence limits.) 
Bjerrum's a Value 
Bjerrum's relationship for the dissociation constant of an ion pair 
is represented by eq. (4-14). 
(4-14) 
where 
K Boltzmann constant 
N Avogadro's number 
Q(b) a functional integral of b 
1. E. Clougherty, Ph.D. thesis to be submitted to Boston University. 
2. N. N. Lichtin and H. P. Leftin, J. Phys. Chern.,~' 160 (1956). 
3. The difference between A and B lies in the method of crystalliza-
tion which is explained in the experimental s ection. The value of 
Kd = 24.72 x lo-4 mole 1.-1 was employed for the calculations of the 
degree of dissociation and the activity coef f icients. The choice was 
primarily based on analytical data. 
4. N. N. Lichtin and P. Pappas, Trans. New York Acad. Sciences, 20, 
(2), 143 (1957). 
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The term b is given by 
where a is a minimum distance of closest approach between the ions forming 
the ion pair. Equation (4-14) is further simplified for 1-1 electrolytes 
when z1 = z2. The integral Q(b) has been evaluated and tabulated for values 
of b between 1 and 15 by Bjerrum1 and between 15 and 80 by Fuoss and Kraus. 2 
These are available elsewhere. 3 The values of a, calculated with eq. (4-14), 
are given in Table 4-XIV along with sums of ionic radii given by Pauling. 4 
TABLE 4-XIV 
Bjerrum Distances for Spherical Ions 
(Ao) 0 Ao (r+ + r_ Ao) Ionophore Bjerrum a r+ A r 
KCl 2.99 1. 33 1.81 3.14 
RbCl 3.08 1.48 1.81 3.29 
CsCl 3.22 1.69 1.81 3.50 
(CH ) NC15 4. 92 3.30 1.81 5.11 
3 4 6 
5.25 3.30 1. 95 5.25 (CH3) 4NBr 
(C 2H5) 4NC1 (B) 7.51 4.65
7 1.81 6~46 
7 6.8 4.65 1. 95 6.60 (C 2H5 ) 4NBr 
1. N. Bjerrum, Kgl. Danske Vidensk. Selskab., 2, No. 9 (1926). 
2. R. M. Fuoss and C. A. Kraus, J. Am. Chem. Soc., 55, 1019 (1933). 
3. H. S. Harned and B. B. Owen, "Physical Chemistry of Electrolytic 
Solutions," Reinhold Publishing Corp., New York, 3rd Ed., (1958), p. 171. 
4. L. Pauling, "The Nature of the Chemical Bond," Cornell Univ. 
Press, Ithaca, N.Y., 3rd Ed. (1960), p. 514. 
5. E. Clougherty, Ph.D. thesis to be submitted to Boston University. 
6. N. N. Lichtin and H. P. Leftin, J. Phys. Chem., 60, 160 (1956). 
7. N. N. Lichtin and P. Pappas, Trans. New York Acad. Sciences, 
20 (2)' 143 (1957). 
A careful glance at Table 4-XIV reveals that Bjerrum's a values 
and Pauling's crystallographic values are in reasonable agreement except 
in the case of tetraethylammonium chloride. There is a considerable 
degree of adherence to the simple sphere in continuum theory for solutions 
in liquid sulfur dioxide. However, a= 7.51 A0 for tetraethylammonium 
0 
chloride is higher than the sum of ionic radii by 1.05 A • It was also 
found that the value of Kd for tetraethylammonium chloride is higher than 
that of tetraethylammonium bromide, Table 4-XIII. 
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Precision and Reliability of the Data 
When -log.(l-F) + 2 was plotted against time, in most cases, the 
points fell on a straight line. Incase there was a small scatter of the 
points, the best straight line was drawn through them. The number of 
points per line was limited due to the time-consuming procedure for 
radioactive measurements and varies from four to six per graph. All the 
points were treated by the least squares method on an IBM 1620 (Appendix 
III). The general equations for the least squares procedure are (4-15) and 
(4-16). 
where 
ni + I;sx 
2 Erx + Esx 
y and x are variables, 
s is the slope, 
I is the intercept, and 
n is the number of points. 
l:y 
L;xy 
The equations were solved for I and staking y = -log.(l-F) + 2 and 
(4-15) 
(4-16) 
x = time in seconds. The least squares slopes were employed for the 
calculation of the second order rate constant. 
In order to determine the overall precision of the kinetic results, 
. ~ the var1ance in the slope and in the intercept were calculated through 
the following equations. 1 
1. W. J. Youden, "Statistical Methods for Chemists," John Wiley 
and Sons, Inc., New York, N.Y., 1951, p. 42. 
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2 
S2 = [y- (sx +I)] 
n-2 (4-17) 
2 
where S is variance in single y measurement. 
and 
S = S [n/ (nL:;x 2 - (Ex ) 2 ) ]~ 
s 
(4-18) 
(4-19) 
k 
where SI and Ss are variance 2 in the intercept and in the slope, respec-
tively. k It was found that all the slopes have an average variance 2 of 
approx imately 6%. 
k 
Rate Constants and Variance 2 with Confidence Limits 
To determine the rate constants for the free ion (kf) and the ion 
pairs (k ), eq. (4-9) was treated by the least squares procedure as p 
represented by eqs. (4-15) and (4-16) taking y = k 2 / a and x = (1- a )/a . 
The intercept gives kf and the slope kp. The standard deviations in the 
slope and the intercept for the line were calculated with the aid of 
eqs. (4-17), (4-18) and (4-19). 
k 
To determine variance 2 in the slope and the intercept with selected 
confidence limits, the standard deviation was multiplied by a factor 
from Fischer's t ' table1 for n-2 degrees of freedom for 95%, 70% and 50% 
k 
confidence limits. The variance 2 in the rate constants for the free ions 
and the ion pairs are given in Table 4-XI. 
k 
The variance 2 values are larger for the ion pair rate constants 
k 
than for the free ion rate constants. The variance 2 in the ion pair 
l. W. J. Youden, "Statistical Methods for Chemists," John Wiley 
and Sons, Inc., New York, N. Y., 1951, p. 119. 
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rate constants is smaller when a in eq. (4-6) is taken equal to Bjerrurn's 
q (19.92 A0 ) than when a is equal to contact distance. 
k 
Variance 2 (95% confidence limits) in Kd 
In order to determine the dissociation constant of the ionophores, 
several conductivity runs were carried out. In each run equivalent conduc-
tance was determined for several concentrations. The equivalent conduc-
tance of solutions with concentrations between 2,000 1. mole-l and 
-1 60,000 1. mole were employed in the least squares treatment of eq. (4-13), 
using eqs. (4-15) and (4-16). In the case of RbCl the upper limit was 
-1 I 35,000 1. mole and the highest value of k80 ksolution 2 was 5%. 
were at least 14 data points for each solute. This analysis yields 
and 
1/Kd A~ as the slope 
1/~ . as the intercept. 
0 
There 
The standard deviations of the slope and the intercept were determined 
by using eqs. (4-17), (4-18) and (4-19). To obtain 95% confidence limits 
values the standard deviations were multiplied by a suitable factor for 
n-2 degrees of freedom from Fischer's t table. 
k 
The variance 2 (95% 
confidence limits) in the limiting conductance was calculated from vari-
k 
ance 2 of the intercept by adding and subtracting it to the intercept. 
One-half of the difference of the reciprocal of the two values of the 
intercept was taken as the variance~ of_ll . 
0 
k 
The variance 2 (95% confidence limits) of the dissociation constants 
was calculated from eq. (4-20). 1 
l. 0. L. Davies, "Stat is tical Methods in Research and Production," 
Oliver and Boyd, London, 1949, p. 37. 
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(4- 20) 
where 
k 
The variance 2 95% confidence limit values in slopes and intercepts are 
shown in Table 4-XV. 
Ionophore 
KC 1 
RbCl 
CsCl 
(C 2H5) 4NC1 
TABLE 4-XV 
k Slopes and Intercepts wi th Their Variance 2 at 
0.00 + 0.0 2° c. 
Slope x 102 Intercept X 104 
23.45 + 0.40 40.04 + 0.63 
- -
18.00 + 0.70 40.30 + 1. 25 
- -
13.47 + 0.25 41.38 + 0.47 
- -
(A) 0.681+ 0.076 45.18 + 0.17 
- -
(B) 0.828 + 0.06 7 45.25 + 0.14 
- -
Data Points 
14 
15 
15 
15 
15 
V. DISCUSSION OF RESULTS 
Conclusions 
The following conclusions may be drawn from careful examination of 
the data presented and analyzed in Chapter IV. 
The Finkelstein replacement reaction between £-nitrobenzyl bromide 
and MC1 36 has been found to obey the kinetic law 
R (RBr)(MCl) [kfa + k (1-a )] 
e s p 
pair rate constant depends upon the value of parameter a and ion pairs 
have been found to be reactive when a= q = 19.92 ~-
The value of free ion rate constants is the same for the three 
ionophores within the experimental precision and kf;> kp. 
The ion pair rate constants are in the same sequence as the disso-
ciation constant of the ionophores, i.e. ~ ~- ~-Rb Cl < (CH3 ) 4 N Cl ( (C 2H5 ) 4 N Cl 
This indicates that the cation does not interfere sterically with interaction 
of chloride ion and benzylic carbon in the transition state. 
The value of the free ion rate. constant and its probable error are 
not significantly sensitive to the value of parameter a in the Debye-~uckel 
equation for the mean ionic activity coefficients. On the other hand, as 
a is varied from the contact distance to Bjerrum's q, the value of the ion 
pair rate constants increases substantially and its probable error improves. 
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The phenomenon of ionic association as e x plained by Fuoss and 
Bjerrum has been referred to several times in the text. The ion pairs 
may be "tight" with no intervening solvent or "loose or solvent separated" 
with solvent molecules in between. For the calculation of the rate con-
stants the Fuoss model has been identified with the Debye-~uckel parameter 
a = sum of ionic radii of the ions whereas the Bjerrum model was repre-
sented by a= q = 19.92 R in liquid sulfur diox ide at 0° C. The ion pair 
rate constants calculated on the basis of Fuoss model are smaller than 
those calculated on the basis of Bjerrum model. 
The data of this research and similar results for ionic bromides which 
have been reported previously1 (Tables 4-X and 5-I) indicate that the 
nucleophilic reactivity of the free halide ions in liquid sulfur diox ide 
falls in the order Br-;> Cl-. The e x tent of ion pairing decreases with 
increasing ionic size and in liquid so2 the reactivity of bromide ion is 
affected by ion pairing less than that of chloride ion. For instance 
tetramethylammonium bromide ion pair is about 1/2 times as reactive as 
free bromide ion and for (CH3 ) 4Ncl the reactivity of the ion pair is 
about 1/7 times that of free chloride ion for a = q = 19.92 R. The lower 
reactivity of the tighter chloride ion pair indicates that in the transi-
tion state the nucleophilic halide ions are less strongly paired than in 
the initial state. 
1. N. N. Lichtin and K. N. Rao, J. Am. Chem. Soc.,~. 2417 (1961). 
TABLE 5-I 
Rate Constants for the Exchange of Br82 between ~-Nitrobenzyl 
Bromide and MBr82 in Liquid so2 at 0° C. 
1 
Ionophore kf X 10 5 
1. mole -1 
KBr 7.93 
(CH3 ) 4NBr 7.25 
(C 2H5) 4NBr 7.09 
k X 105 p 
-1 
sec. 
0.409 
1.27 
3.13 
k 1 X 105 f k' X 10
5 
p 
-1 -1 1. mole sec. 
7.45 0.898 
6.88 2.89 
7.06 4.11 
Note: The unprimed quantities are for a = sum of ionic radii, 
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3.28 ~for KBr, 5.25 R for (CH3) 4NBr and 6.80 R for (C 2H5) 4NBr. 
The primed quantities are for a= q = 19.92 R. 
Thermodynamic dissociation constants for KC1, RbCl, CsCl and 
(C2H5) 4NC1 in liquid sulfur dioxide at 0° C. have been determined experi-
mentally. The value of the dissociation constant for (C 2H5) 4NC1 is 
greater than that of (C2H5) 4NBr. 
Effect of Ion Pairing on the Nucleophilic Reactivity of the Halide Anions 
The relative nucleophilicities of the halide anions are of consi-
derable interest because they depend upon the nature of the solvent. 
The variations in the reactivity have been ascribed to (1) polarizability, 
(2) solvation, and (3) ion pairing. 
It has been often suggested that the heavier members of the group 
are more nucleophilic largely because of their size and polarizability. 
Thus the electron cloud about iodine atom is more easily distorted by an 
1. N. N. Lichtin and K. N. Rao, J. Am. Chern. Soc.,~' 2417 (1961). 
electrophilic center than is that of chlorine atom. 
1 Parker believes that in water or hydroxylic solvents, "protic sol-
vents," the usual order of reactivity I- ) Br- ) Cl-) F- is a function 
of solvation rather than of polarizability or ion pairing. The solvation 
by protic solvents decreases strongly in the order F-~;> Cl-~ Br- ~I • 
The solvation of anions in water reduces their nucleophilicities and the 
reactivity of the small fluoride ion is depressed the most. 
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In solvents of low dielectric constant and low ion-solvating ability, 
ion pairing or higher aggregation is often appreciable and this tends to 
modify the nucleophilicity. In general, the solvation of anions and ion 
pairing both have a retarding effect on the rates of bimolecular substitu-
tion. This retardation is most effective with small anions. There are 
several cases known where ion pairing has modified the reactivity of the 
anions. 
Winstein and coworkers 2 have determined the order of reactivity, 
~ ~ (R = n-butyl) R4N Br ) R4N I , with n-butyl .E_-bromotoluene-
sulfonate and isobutyl .E_-bromotoluene sulfonate in acetone. When lithium 
salts were used as a source for halide anions, reactivities were reversed: 
Lil LiBr LiCl. The conductivity measurements indicated that lithium 
salts form ion pairs in acetone. After correction for ion pairing, the 
sequence of free anion nucleophilicity in acetone is Cl-)> Br )> I . 
Weaver and Hutchison3 studied the reaction of methyl £_-toluene 
1. A. J. Parker, Quart. Revs. (London), 16, 163 (1962). 
2. S. Winstein, L. G. Savedoff, S. Smith, I. D. R. Stevens and 
J. S. Gall, Tetrahedron Letters, ~' 24 (1960). 
3. W. M. Weaver and J. D. Hutchison, J. Am. Chem. Soc.,~' 261 
(1964). 
sulfonate with lithium halides in dimethylformamide and observed that the 
relative rates of reaction of the halide anions are in the order 
Cl-) Br-) I-. After correction for ion pairing · the sequence remained 
the same, however, with increased magnitude of the relative rates. 
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Table 5-I shows the values of the rate constants for bromine-82 
exchange between E-nitrobenzyl bromide and MBr82 in liquid sulfur dioxide 
at 0° C. The comparison of these results with the present ones (Table 4-X) 
shows that the "free" bromide ion reacts faster than the "free" chloride 
ion by a factor of two. The nucleophilicities are in the order Br-~ Cl-. 
Sulfur dioxide probably solvates Cl more than Br , and the order of 
reactivity is reversed. It is interesting to note that liquid sulfur 
dioxide behaves more like water than acetone or dimethylformamide in this 
respect. 
Ion Size Parameter "a" 
The Debye-~uckel equation (4-6) for the mean activity coefficient of 
the ions has a parameter -- the "contact distance" a -- which is defined 
as the minimum distance of closest approach between two oppositely charged 
ions. This parameter arises out of the potential of the ion and its 
atmosphere in the derivation of eq. (4-6). It was introduced to take 
care of short-range interactions between ions when ions are assumed to be 
uniformly charged spheres. In actual solution, a has to accommodate 
short-range interactions between ions and solvent molecules. For very 
dilute solutions, the Debye-Huckel equation, eq. (5-l), is transformed into 
the limiting law, eq. (5-2). 
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s ~ 1.1 
k 
1 + s I a 1.12 
(5-l) 
- s 1.1 ~ (5-2) 
~ The denominator 1 + S' a 1.1 is very close to unity and the error introduced 
is very small, e.g. 3% for 1 x 10- 3 molar solution of a 1:1 electrolyte. 
However, the situation is rather different for slightly concentrated solu-
tions. Therefore, ion size parameter is a very important factor in the 
determination of the activity coefficients. 
In solutions of low dielectric constant where association of ions is 
important, ions are no longer free and form ion pairs. The extent of 
ionic association depends upon the potential energy of an ion pair and this 
in turn also depends upon how close the charges on the ions can be brought 
together. Two of the major models which describe the effect of the a 
parameter on the dissociation constant are Bjerrum model and Fuoss model. 
Bjerrum theory which takes into consideration only the influence of 
Coulombic forces on the formation of ion pairs has been discussed earlier. 
Ion-solvent interactions were neglected. The probability that an i ion 
is at a distance r from a j ion was calculated by using Maxwell-
Boltzmann distribution and it has a minimum for a distance q 
for two oppositely charged ions. For distances • the ions are 
considered to be paired. Therefore in terms of the Bjerrum model the a 
parameter of any ionophore should vary from solvent to solvent. On the 
other hand, the Fuoss model counts associated only those ion pairs that 
are in actual contact. Thus a is assumed to be independent of solvent. 
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Stern and Amis 1 have reviewed all the available methods for determina-
tion of the a parameter and conclude that it is an operational concept 
and has definite value only for specific conditions of measurement and 
calculation. The available data suggest that in many cases it represents 
the influence of the ion on its environment rather than the radius or 
volume of a "bare" ion. 
The above considerations point out that it is not possible to decide 
h 1 f Th . d . 2 ' 3 . 1 . . d 1 f d . . d t e exact va ue o a. e prev~ous stu ~es ~n ~qu~ su ur ~ox~ e 
showed a remarkable adherence to the simple sphere-in-continuum theory of 
both association behavior as well as mobility for elemental electrolytes. 
The Bjerrum distances of closest approach calcul ated from conductance 
data were within 0 to 8 per cent of sums of crystallographic radii. The 
calculated Bjerrum and crystallographic radii of the potassium ion were 
found to be the same. However, this type of agreement is rarely observed 
in other solvents. 
In general, it has been found that a <r+ + r indicating mutual 
compression of the ions and it is not justified to divide the a parameter 
into its components, and r The attempt can lead to erroneous 
results and one can conclude that ion pair distances are not suitable for 
the determination of ionic radii. 
In the present investigation the kinetic data was analyzed for two 
values of the a parameter, e.g. (i) a = sum of ionic radii, and 
(ii) a = q = 19.92 ~ in liquid so2 at 0° C. The values of kf and kp for 
1. K. H. Stern and E. s. Amis, Chern. Revs., .22_, 1-64 (1959). 
2. N. N. Licht in and H. P. Left in, J. Phys. Chern., 60, 160 (1956). 
3. N. N. Licht in and P. Pappas, Trans. N. Y. Acad. Sci., 20, 143 
(1957). 
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both cases are represented in Table 4-X. It was concluded that the free 
ion rate constant is not very sensitive to the value of a, whereas the ion 
pair rate constant increased with increase in the value of a. 
1 
Rao made an unsuccessful attempt to determine best value for the a 
parameter. On similar lines the effect of variation of a values from 
a = 0 to a = q on the rate constants in the case of tetramethylammonium 
chloride was studied with the hope of ge tting a suitable value. The value 
0 . ~ 
of a = 13 A showed a shallow minimum for the varlance in the rate constant 
for the free ions. This is insignificant and the present author is 
inclined to believe that again the attempt has been unsuccessful. 
Reversibility of the Reaction 
It should be possible to use the Mckay equation (5-l) if the speci-
fie rates of forward and backward reactions are equal even though the 
reaction is not of an e x change type in the real sense. 
R t(A +B)/2.303 AB 
e 
-log. [1 - (A+B)F/A] (5-3) 
However, in the treatment of the data the assumption was made that the 
reverse reaction is not significant as compared to the forward reaction. 
This assumption was based upon semiquantitative arguments discussed in 
this section. 
Consider the rates of following reactions in liquid sulfur diox ide 
under similar conditions: 
1. K. N. Rao, Ph.D. Dissertation, Boston University, 1960, 
pp. 163-166. 
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RCl + Cl- 36 
k2 
RC1 36 + Cl~ (5-4) 
RBr + Br- 82 
k3 
RBr82 + Br (5-5) 
RBr + Cl- 36 
k4 
RC1 36 + Br (5-6) 
RCl + Br- 82 
k5 82 -RBr + Cl (5-7) 
where R = 02Nc6H4cH2- and k 2 , k3 , k4 and k5 are the second order rate 
constants for the reactions represented by eqs. (5-4), (5-5), (5-6) and 
(5-7), respectively. In the earlier period of this study it was found 
that reaction, eq. (5-4), is too slow for accurate measurements. Since 
the kinetics of the replacement reaction, eq. (5-6), form the basis of 
this dissertation, it can be said that k4 )) k 2• On the other hand, k 3 
is approximately twice as large as k4 • It can be concluded, therefore, 
By comparison it is possible to justify the assumption 
that k4 )) k5 • Now if the ratio of specific rates, k5 /k4 = 1/10, 
then in the worst possible situation (30 per cent reaction), the maximum 
back effect could have been 30/10 = 3 per cent. Therefore, the reverse 
reaction was considered insignificant. 
The Effect of Accumulation of Bromide Ion During the Course of Reaction 
In the Finkelstein replacement reaction between £-nitrobenzyl 
bromide and ionic chlorides, bromide ion is produced as a side product. 
As the concentration of the bromide ion builds up it enters into further 
equilibrium. The reaction mixture can be represented as follows: 
~ 
M + Br-
+ 
+ 
Cl-36 
Br 
In the treatment of the data the assumption has been made that the con-
centration of the ionophore as well as its degree of dissociation, a 
remains constant during the course of reaction if the reaction is fol-
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lowed to a small percentage of completion. In the absence of any reverse 
reaction, the effect of the presence of bromide ion on the degree of 
dissociation can be complicated. This can further affect our calculations 
of the rate constants for the free ions (kf) and the ion pairs (kp). 
However, the assumption can be supported by the following discussion. 
In the case of rubidium chloride data the reaction was followed up 
to the maximum of 6.5 per cent. Although the dissociation constant of 
rubidium bromide is not known, yet it is a safe assumption that the 
concentration of the ionophore and the value of a remain essentially 
constant during the course of reaction. This may not be true in the 
constants of these ionophores and their equivalent bromides are known 
(Table 4-XIII), -4 -1 e.g. Kd of (CH3 ) 4Ncl = 10.26 x 10 mole 1. and 
-4 -1 11.8 x 10 mole 1. . These values are considered 
almost identical. 
Now let us consider a specific case in which reaction was followed 
to 30 per cent completion (RUN-MSP-24). This is the worst case in the 
data. 
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At the start of the reaction there is only tetramethylammonium 
chloride present in the reaction mixture. For concentration= 2.522 x 10- 3 
-1 0 
mole 1. , the degree of dissociation is 0.592 for a= q = 19.92 A. The 
degree of dissociation for (CH3 ) 4NBr for this concentration is 0.618 and 
the differ~nce is 3.3 per cent. This is a minimum limit to which the value 
of a for (CH3) 4Ncl could ·increase, if the reaction is followed to 100% 
completion. 
If the reaction were of an exchange type in the true sense, there 
would be no change in the concentration of the ionophore. However, in the 
present case as the reaction proceeds there is an accumulation of bromide 
~ 
ion in the reaction mixture. The bromide ion forms M+Br- ion pair but 
its concentration will ' be small. Therefore, the stoichiometric concen-
tration of the ionophore and its degree of dissociation vary during the 
course of reaction. The effect of this variation will be maximum when 
reaction is followed to 30 per cent completion. For instance, the reac-
tion mixture will have: 
~ 
M+Cl- + Cl 
~ 
M+Br- + Br 
~ ~ ~+ M+Br- + M+Cl-
where C is ionophore concentration. 
s 
0.70 c 
s 
0.30 c 
s 
c 
s 
-3 -1 
= 2.522 x 10 mole 1. a = 0.592 for a= q = 19.92 R For C 
s 
-3 -1 
and for C' (0.70 C)= 1.77 x 10 mole 1. the degree of dissociation 
s s 
is 0.641. 
Equation (4-9) was employed to analyze the kinetic data. 
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(4-9) 
Now suppose that a ' 
eq. (4-9), we have: 
or 
a + 0.08 a, and substituting the value of a ' in 
k + 1 - a (1 + 0.08) k 
f a (1 + 0.08) p 
1 - 1.08 a 
1.08 a k p 
(5-8) 
The value of the intercept (kf) remains essentially the same. However, 
the value of the slope (kp) will decrease somewhat. This decrease is 
within the precision of our work and does not affect the conclusions of 
this work. 
The conductivity data have provided a very unusual example of solva-
tion in liquid so2 • It appears that the chloride ion is more solvated than 
This fits very well into the kinetic data and one could explain this con-
sidering the size of halide ions. Since the charge to radius ratio for 
chloride ion is larger than for bromide ion, there is a greater charge 
density and hence stronger solvation around the chloride ion. As the size 
of the cation increases it finds it hard to penetrate inside the solvation 
sphere of the chloride ion. 
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This might be further demonstrated if data on tetramethylammonium 
and tetraethylammonium fluorides were available. Other examples of this 
kind of behavior are not known. 
APPENDIX 1 
36 Kinetic Data of the Cl Exchange Experiments 
between E-Nitrobenzyl Bromide and MCl 
The run numbers indicate the sequence in which experiments were 
carried out. 
R in RBr denotes the E-nitrobenzyl group and F is the fraction 
exchanged and has been defined previously. 
The number of counts of aqueous and toluene layers are per 
aliquot per minute and has been corrected in each case for background. 
The background was generally found to be 14 + 2 counts per minute. 
To eliminate statistical errors the countings were done for 
longer periods. The statistical error was always less than 1.5%. 
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Concentration of RbC l 
Concentration of RBr 
Temperature of the Reaction 
No. Seconds Tol. Cts. 
1. 780 1143 
2. 44280 2196 
3. 98280 2598 
4. 166500 4421 
5. 218880 5307 
RUN-MSP-18 
0.006528 M 
0.03001 M 
0.00° c. 
Aq.Cts. Total 
141553 142696 
148531 150727 
146862 149460 
148510 152931 
146892 152199 
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FxlOO -log. (l-F)+2 
0.80 2.0035 
1.46 2.0064 
1. 74 2.0076 
2.89 2.0128 
3.49 2.0155 
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RUN-MSP-19 
Concentration of RbCl 0.006244 M 
Concentration of RBr 0.03566 M 
Temperature of the Reaction 0.00° C. 
No. Seconds Tol.Cts. Aq.Cts. Total FxlOO -log. (l-F)+2 
1. 660 2608 145698 148306 1. 76 2.0077 
2. 58680 3385 144297 147682 2.29 2.0101 
3. 113460 4175 139159 14334 2.91 2.0128 
4. 170460 5562 133494 139056 4.00 2.0177 
5. 234180 6728 138204 144931 4.64 2.0206 
6. 317880 8768 125094 133862 6.55 2.0295 
RUN-MSP-31 
Concentration of RbCl 0.002357 M 
Concentration of RBr 0.03622 M 
Temperature of the Reaction 0.00° C. 
No. 
1. 
2. 
3. 
4. 
Seconds 
720 
43740 
109560 
169050 
Tol.Cts. 
481 
735 
1640 
2266 
Ag.Cts. 
42548 
42011 
41473 
42202 
Total 
43028 
42746 
43113 
44468 
FxlOO 
1.12 
1.72 
3.80 
5.11 
-log. (l-F)+2 
2.0048 
2.0075 
2.0168 
2.0228 
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RUN-MSP-41 
Concentration of RbCl 0.001076 M 
Concentration of RBr 0.03311 M 
Temperature of the Reaction 0.00° C. 
No. Seconds Tol.Cts. Aq.Cts. Total FxlOO -log. (l-F)+2 
1. 1920 87 18316 18403 0.47 2.0021 
2. 31680 342 17892 18234 1.88 2.0082 
3. 84240 550 16099 16649 3.30 2.0146 
4. 115560 717 18937 19654 3.65 2.0162 
5. 137460 875 19532 20407 4.29 2.0191 
RUN-MSP-42 
Concentration of RbCl 0.0006075 M 
Concentration of RBr 0.03980 M 
Temperature of the Reaction 0.00° C. 
No. Seconds 
1. 900 
2. 27360 
3. 51840 
4. 92070 
5. 113430 
"'k 
Discarded 
Tol.Cts. Aq.Cts. 
70 8489 
280 7428 
290 7244 
405 8036 
515 8538 
Total 
8559 
7708 
7534 
8441 
9053 
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Fx lOO -log. (l-F)+2 
0.82 2.0036 
* 3.63 2. 0161 
3.85 2.0171 
4.80 2.0214 
5.69 2.0255 
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RUN-MSP-34 
Concentration of KCl 0.0008249 M 
Concentration of RBr 0.09974 M 
Temperature of the Reaction 0.00° C. 
No. Seconds Tol.Cts. Aq.Cts. Total FxlOO -log.(l-F)+2 
1. 1020 2376 9103 11478 20.69 2.1006 
2. 39300 2726 9640 12366 22.04 2.1082 
3. 90360 2720 7913 10633 25.58 2.1283 
4. 202740 4976 9918 14894 33.40 2.1765 
5. 257400 3866 6640 10506 36.80 2.1993 
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RUN-MSP-20 
Concentration of (CH3) 4Ncl 0.01011 M 
Concentration of RBr 0.05023 M 
Temperature of the Reaction 0.00° C. 
No . Seconds Tol.Cts. Aq.Cts. Total FxlOO -log . (l-F)+2 
1. 660 5458 474218 479676 1.14 2.0049 
2. 55800 34184 604701 638885 5. 35 2.0239 
3. 115980 61422 613020 674442 9.11 2.0415 
4. 174000 81466 605290 686756 11._86 
2.0548 
5. 216000 103955 555749 659704 15.76 
2.0745 
Concentration of RBr 
Temperature of the Reaction 
No. Seconds Tol.Cts. 
1. 900 2230 
2. 47460 16934 
3. 134880 29426 
4. 196320 43153 
5. 239460 53563 
RUN-MSP-24 
0.002522 M 
0.08709 M 
0 0.00 c. 
Aq.Cts. 
163991 
155394 
137826 
128659 
120327 
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Total FxlOO -log. (l-F)+2 
166221 1.34 2.0058 
172328 9.83 2.0450 
16 7252 17.59 2.0840 
171812 25.12 2.1256 
173890 30.80 2.1599 
Concentration of RBr 
Temperature of the Reaction 
No. Seconds Tal. Cts. 
l. 2340 1635 
2. 51720 9428 
3. 115260 16851 
4. 174360 23461 
5. 217680 30594 
RUN-MSP-25 
0.002272 M 
0.05107 M 
0 0.00 c. 
Aq .. Cts. 
132310 
133446 
112745 
121303 
121777 
Total 
133945 
142874 
129596 
144764 
152371 
136 
Fx lOO -log. (l-F)+2 
l. 22 2.0053 
6.60 2.0297 
13.06 2.0606 
16.21 2.0768 
20.08 2.0973 
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RUN-MSP-26 
Concentration of (CH3) 4Ncl 0.001059 M 
Concentration of RBr 0.05046 M 
Temperature of :the Reaction 0.00° C. 
No . Seconds Tol.Cts. Aq.Cts. Total FxlOO -log. (l-F)+2 
1. 780 2346 47652 49998 ·.4. 69 2.0209 
2. 47760 6644 57215 63859 10.40 2. 0477 
3. 110520 8095 39471 47566 17.02 2.0810 
4. 172080 11393 41283 52676 21.63 
2.1058 
5. 220200 15051 53088 68139 22.09 
2.1084 
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RUN-MSP-27 
Concentration of (CH3) 4Ncl 0.007829 M 
Concentration of RBr 0.06518 M 
Temperature of the Reaction 0.00° C. 
No. Seconds Tol.Cts. Aq.Cts. Total FxlOO -log. (l-F)+2 
1. 660 6813 437438 444251 1.53 2.0111 
2. 37920 39277 488785 528062 7.44 2.0336 
3. 104040 62462 423094 485556 12.86 2.0598 
4. 170460 86487 419389 505876 17.10 2.0814 
5. 215940 116381 41315 7 529538 21.98 2.1078 
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RUN-MSP-28 
Concentration of (CH3) 4NC1 0.007682 M 
Concentration of RBr 0.03330 M 
Temperature of the Reaction 0.00° C. 
No. Seconds Tol.Cts. Aq.Cts. Total 
FxlOO -log. (l-F)+2 
1. 720 3307 518220 521527 
0.63 2.0028 
2. 22200 10842 486586 497428 
2.29 2.0101 
3. 43860 14486 528398 542884 
2.67 2.0167 
4. 81840 25411 482448 507859 
5.00 2.0223 
5. 103800 31077 491399 512476 
6.06 2. 0271 
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RUN-MSP-29 
Concentration of (CH3) 4Ncl 0.007772 M 
Concentration of RBr 0.09389 M 
Temperature of the Reaction 0.00° C. 
No. Seconds Tol. Cts. Aq.Cts. Total FxlOO -log. (l-F)+2 
1. 690 6435 525392 531827 1. 21 2.0053 
2. 21660 20575 494401 514976 4.00 2. 0177 
3. 43380 47539 506099 553638 8.59 2.0391 
4. 79860 66660 447949 5146>09 12.95 2.0603 
* 5. 98640 92472 333284 425856 21.71 2.0953 
*This point was spoiled due to an experimental mishap. 
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RUN-MSP-30 
0.0005926 M 
Concentration of RBr 0.05107 M 
Temperature of the Reaction 0.00° c. 
No. Seconds Tol.Cts. Aq.Cts. Total FxlOO -log. (l-F)+2 
1. 720 797 25022 25819 3.08 2.0136 
* 2. 23540 1385 23467 24852 5.57 2.0249 
3. 46910 2093 21911 24004 8.72 2.0396 
4. 46910 2552 21911 24463 10.43 2.0479 
5. 106590 4567 23919 28486 16.03 2.0758 
··k 
The aqueous extract was lost during evaporation and counts 
were taken as an average of 1 and 3. · 
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RUN-MSP-35 
0.01040 M 
Concentration of RBr 0.04794 M 
Temperature of the Reaction 0.00° c. 
No. Seconds Tol.Cts. Aq.Cts. Total FxlOO -log. (l-F)+2 
1. 540 27500 694731 722231 3.81 2.0169 
2. 33060 47755 708816 756571 6.31 2.0283 
3. 73260 96980 801352 898332 10.80 2.0496 
4. 97260 105265 735394 840659 12.52 2.0581 
5. 123780 170735 706596 * 877331 19.46 2.0940 
-k 
Discarded, leaving the aliquot overnight at room temperature 
before extraction seems to give higher F values. 
RUN-MSP-40 
Concentration of (C 2HS) 4Ncl O.OOS61S M 
Concentration of RBr O.OS446 M 
Temperature of the Reaction 0.00° C. 
No. 
1. 
2. 
3. 
4. 
s. 
Seconds 
810 
17880 
40440 
83910 
101280 
Tol.Cts. 
7630 
892S 
12020 
1S31S 
1S08S 
Ag.Cts. 
S3778 
SS667 
61744 
S7432 
486S3 
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Total FxlOO -log. (l-F)+2 
61408 12.43 2. OS 77 
64S92 13.82 2.0646 
73764 17.4 7 2.0833 
72747 21. OS 2.1026 
63738 23.67 2.1173 
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RUN-MSP-38 
Concentration of (C 2H5) 4Ncl 0.002153 M 
Concentration of RBr 0.04795 M 
Temperature of the Reaction 0.00° C. 
No. Seconds Tol.Cts. Aq.Cts. Total FxlOO -log . (l-F)+2 
1. 600 1900 16175 18075 10.51 2.0483 
2. 16740 2610 15795 18405 14.18 2.0664 
3. 35340 3000 15830 18830 15.95 2.0753 
4. 46740 2890 13967 16857 17.14 2. 0817 
5. 83100 3385 13392 16777 20.18 2.0979 
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RUN-MSP-39 
Concentration of (C 2H5) 4Ncl 0.0007338 M 
Concentration of RBr 0.05448 M 
Temperature of the Reaction 0.00° C. 
No. Seconds Tol.Cts. Aq.Cts. Total FxlOO -log. (l-F)+2 
--
1. 660 1025 8434 9459 10.84 2.0498 
2. 17340 700 4743 5443 12.86 2.0598 
3. 35850 1110 5569 6679 16.62 2.0790 
4. 48540 1320 4562 5880 22.45 * 2.1104 
5. 813000 1520 5520 7040 21.59 2.1056 
* Discarded, see note RUN-MSP-35 for reasons. 
APPENDIX II 
Conductivity Data for KCl, RbCl, CsCl, and (C 2H5) 4NC1 
in Liquid Sulfur Dioxide at 0° C. 
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Conductivity of Potassium Chloride in Liquid Sulfur Dioxide at 0.00° C.a 
k X 105 b }\_ 5 v kso 2 x 10 
1. -1 mhos-em -1 mhos-em 2 -1 -1 mole mole mhos-em 
RUN-MSP-17 
1101 6. 286 69.18 
2252 3. 972 89.57 
4606 2.462 113.4 
9429 1.487 140.2 
19311 .8685 167.2 
39534 .4927 194.8 
.0048 
RUN-MSP-29 
813 6. 720 54.61 
1682 4.806 80.81 
3481 2.989 104.1 
7201 1. 810 130.3 
14895 1.063 158.3 
30831 .6029 185.9 
63854 .3335 212.9 
.0048 
RUN-MSP-30 
1147 6.095 69.90 
2339 3.876 90.64 
4771 .2.416 115.3 
9733 1.472 143.3 
19830 .8630 171.2 
40427 .4918 198.8 
.0070 
(a) A reinvestigation. 
(b) k values are corrected for solvent conductance. 
Conductivity of Rubidium Chloride in Liquid Sulfur Dioxide at 0.00° C. 
v 
-1 1. mole 
629 
1283 
2620 
5344 
10911 
22270 
45531 
615 
1255 
2560 
5221 
10658 
21744 
44359 
954 
1932 
3911 
7896 
16005 
32440 
65626 
k x 105 a 
-1 
mhos-em 
10.21 
6.409 
3.978 
2.;421 
1.440 
.8284 
.4657 
10.33 
6.495 
4. 028 
2.446 
1.443 
.8759 
.4947 
7. 812 
4.885 
3.019 
1.819 
1.057 
.6093 
.3446 
)\_ 
2 -1 
mhos-em mole 
RUN-MSP-10 
64.23 
82.24 
104.2 
129.4 
157.1 
184.5 
212.0 
RUN-MSP-11 
RUN-MSP-12 
63.52 
81.41 
103.1 
127.7 
153.8 
190.5 
219.4 
74.55 
94.38 
118.1 
143.6 
169.2 
197.7 
226.1 
(a) k values are corrected for solvent conductance. 
5 ks 02 x 10 
-1 
mhos-em 
.0959 
.0707 
.0355 
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(continued) 
k x 105 a A 5 v ks 02 x 10 
-1 -1 
mhos-em 2 -1 -1 1. mole mhos-em mole mhos-em 
RUN-MSP-21 
589 10.66 62.70 
1217 6.663 81.09 
2517 4.126 103.8 
5205 2.503 130.3 
10768 1.481 159.5 
22263 .8426 187.6 
46033 .4717 217.1 
.0321 
(a) k values are corrected for solvent conductance. 
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Conductivity of Cesium Chloride in Liquid Sulfur Dioxide at 0.00° c. 
v k x 105 a 
. A 5 ks 02 x 10 
1. -1 mhos-em -1 mhos-em 2 -1 -1 mole mole mhos-em 
RUN-MSP-14 
2446 4.582 112.1 
4987 2.758 137.6 
10168 1.613 164.0 
20739 .9090 188.5 
42250 .4951 209.2 
86194 .2622 226.0 
.0051 
RUN-MSP-15 
2251 4.879 109.8 
4631 2. 922 135.3 
9527 1. 702 162.2 
19611 .9570 182.9 
39341 • 5188 204.1 
80874 .2734 221.1 
.0044 
RUN-MSP-16 
2277 4.839 110.2 
4649 2. 912 135.4 
9505 1. 704 162.0 
19431 .9605 186.6 
39723 .5228 207.7 
81208 . 2780 225.8 
.0056 
(a) k values are corrected for solvent conductance. 
Conductivity of Tetraethyl Ammonium Chloride in Liquid Sulfur Diox ide 
at 0.00° c.a 
v 
-1 1. mole 
1394 
2863 
5881 
12072 
24817 
50945 
104625 
1472 
3013 
6168 
12627 
25850 
52920 
1306 
2700 
5579 
11531 
23836 
49339 
(a) Sample A. 
k X 105 b 
-1 
mhos-em 
12.93 
6. 717 
3.428 
1. 729 
.8574 
.4259 
.2140 
12.38 
6.425 
3.285 
1.645 
.8207 
.4047 
13.77 
7.101 
3.610 
1.810 
.8906 
.4369 
A 
2 -1 
mhos-em mole 
RUN-MSP-18 
180.1 
192.3 
201.6 
208.8 
212.8 
217 .o 
223.9 
RUN-MSP-19 
182.3 
193.6 
202.6 
207.7 
212.2 
214.2 
RUN-MSP-25 
179.9 
191.7 
201.4 
208.7 
212.3 
215.6 
(b) k values are corrected for solvent conductance. 
5 ks 02 x 10 
-1 
mhos-em 
.0028 
.0052 
.0052 
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Conductivity of Tetraethyl Ammonium Chloride in Liquid Sulfur Dioxide 
at 0.00° c.a 
v 
-1 1. mole 
710 
1460 
3002 
6174 
12709 
26120 
53710 
712 
1466 
3017 
6210 
12783 
26314 
54095 
631.6 
1318 
2749 
5736 
11971 
24957 
52085 
(a) Sample B 
k X 105 b 
mhos-cm-l 
23.23 
12.26 
6.369 
3.254 
1.633 
.8103 
.3983 
22.88 
12.20 
6.339 
3. 236 
1 . 623 
.. 8073 
.3982 
25.58 
13.36 
6.877 
3.471 
1. 728 
.8492 
.4148 
A 
2 -1 
mhos-em mole 
RUN-MSP-26 
164.9 
179.0 
191.2 
200.9 
207.5 
211.7 
213.9 
RUN-MSP-27 
163.0 
178.8 
191.2 
201.0 
207.5 
212.4 
215.4 
RUN-MSP-28 
161.6 
176.1 
189.1 
199.1 
206.8 
211.9 
216.0 
(b) k values are corrected for solvent conductance. 
5 ks 02 x 10 
-1 
mhos-em 
.0043 
.0095 
.0093 
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APPENDIX III 
Fortran II Programs for the IBM 1620 Computer 
153 
ZZJOB 5 MOHINDAR S . PUAR 
ZZFORX 
C LEAST SQUARE CALCULATION SLOPE(B) AND INTERCEPT(A) 
C X = TIME SEC. 
C Y = -LOG(1-F)+2 
DIMENSION X(10),Y(10) 
101 SUMX=O.O 
SUMY=O. 0 
SUMXX=O. 0 
SUMXY=O.O 
READ102,N,ID 
102 FORMAT(2I3) 
C OBTAIN SUMMATION TERMS 
D0103 I=1,N 
READ104,X(I),Y(I) 
104 FORMAT(E11.6,F6.4) 
SUMX=SUMX+X (I) 
SUMY=SUMY+Y (I) 
SUMXX=SUMXX+X(I)**2 
103 SUMXY=SUMXY+X(I)*Y(I) 
C OBTAIN SLOPE(B) AND INTERCEPT(A) 
XN=N 
DENOM=XN*SUMXX-SUMX**2 
A =(SUMY*SUMXX-SUMX*SUMXY)/DENOM 
B =(XN*SUMXY-SUMX*SUMY)/DENOM 
PUNCH105,ID,B,A 
105 FORMAT(4H ID=,I4,4X,3H B=,E11.5,4X,3H A=,F7.4) 
C OBTAIN STANDARD DEVIATION IN SLOPE AND INTERCEPT 
SUMDSQ=O.O 
D0106 I=1,N 
ANEW=A 
CALY=ANEW+B*X(I) 
DELY=CALY-Y(I) 
DSQ=DELY*DELY 
SUMDSQ=SUMDSQ+DSQ 
106 PUNCH 107,X(I),Y(I),CALY,DELY,DSQ 
VSY=SQRTF(SUMDSQ/(XN-2.0)) 
SD=SQRTF(XN*VSY~~2/DENOM) 
SA=SQRTF(SUMXX*VSYi~2/DENOM) 
PUNCH109,VSY,SD,SA 
109 FORMAT(4X,5H VSY=,El4.8,2X,4H SD=,E14.8,2X,4H SA=,E14.8) 
107 FORMAT(4X,E12.6,4X,F7.4,4X,F7.4,4X,E12.6,4X,E14.8) 
GO TO 101 
END 
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ZZJOB 5 MOHINDAR S . PUAR 
ZZFORX 
C CALCULATION OF ALPHA AND ACTIVITY COEFF. (F) 
DIMENSION A(10) 
50 DO 81 I=l,10 
81 READ 80,A(I) 
68 READ 69,ID,C,XK 
PRINT 73 , ID, C 
DO 71 I=1,10 
IF (ID) 99,50,84 
84 ALPHA1=(-XK+SQRTF(XK**2+4.0*XK*C))/(2.0~C) 
70 X=-(6.711838*SQRTF(C*ALPHA1))/(1.0+0.776342*A(I)*SQRTF(C*ALPHA1)) 
F= 10.**X 
ALPHA2 = (-XK+SQRTF(XK**2+4.0*XK*C*F**2))/(2.0*C*F**2) 
IF(ABSF((ALPHA2)/(ALPHA1)-1.0)-.0001) 71,71,72 
72 ALPHA1=ALPHA2 
GO TO 70 
71 PRINT 82,A(I),ALPHA2,F 
82 FORMAT(2X,6H A(I)=,F10.2,2X,8H ALPHA2=,F8.4,2X,3H F=,F8.4) 
73 FORMAT(8X,4H ID=,14,4X,3H C=,E10.4) 
69 FORMAT(I3,2E10.4) 
80 FORMAT(l2X,F5.2) 
GO TO 68 
99 CALL EXIT 
END 
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ABSTRACT 
In order to study the effect of ion pairing on nucleophilic reac-
tivity and to help determine the sequence of nucleophilicity of the halide 
anions, the kinetics of displacement reaction between E-nitrobenzyl bromide 
and ionophoric chlorides labeled with chlorine-36 was studied in liquid sulfur 
0 
dioxide at 0 C. (eq. 1). Potassium chloride, rubidium chloride, 
(1) 
tetramethylammonium chloride and tetraethylammonium chloride were employed as 
ionophores. The concentration of the ionophores except for potassium chloride 
was varied over a wide range in order to evaluate the kinetic role of ion 
pairing. 
Two kinetic laws were examined for best fit to the data, eqs. (2) and 
(3). The first order contribution (SN-1) to the overall rate was assumed to 
R (2) 
R (3) 
be negligible. The value of k 2 increased by a factor of two with twenty-
fold decrease in the concentration of tetramethylammonium chloride. Similar 
behavior was observed with rubidium chloride and tetraethylammonium chloride. 
The concentration of potassium chloride could not be varied due to its limited 
solubility in liquid so2 . 
In order to analyze the data through eq. (3), concentrations of 
free and paired ions are required. The degree of dissociation (a) was 
calculated from eq. (4), where Kd is the dissociation constant and 
2 
(4) 
y+ is the mean molar activity coefficient of the ions. The activity 
-
coefficients were calculated from the Debye-Huckel equation (5)' where 
6 (DT) -3/2 1: 
-log 1.290 X 10 (2a MClQ) 
2 
(5) y+ 
1 + 35.56 a (DT) -1/2 (2a MCls)~ 
D, T and a are the dielectric constant, absolute temperature and the dis-
tance of closest approach between two oppositely charged ions in~ units. 
The values of a and y+ were calculated by an iterative procedure starting 
with y = 1 in eq. (4) with a taken equal to the sum of ionic radii, 
+ 
Bjerrum's q (eq. 6), and a number of intermediate values. The value of q 
in liquid sulfur dioxide at 0° C. is 19.92 ~-
2 
IZ1Z21 e 
q 2DkT 
The best fit of the data 
(6) 
was obtained by eq. (3). The rate constants derived from it are presented 
in Table I. The effect of systematic variation in a on kf' kp and their 
precision was calculated for (CH3) 4NC1. The results did not indicate a 
best choice of a. 
3 
TABLE I 
Rate Constants for the Substitution Reactiona between E-Nitrobenzyl Bromide 
and MC1 36 at 0° c. 
5 
X 105 X 105 X 105 kf X 10 k k' k' f 
MCl 
-1 -1 M sec. 
RbCl 3.03 -0.108 2.97 
-0.017 
(CH3) 4NC1 
(C 2H5 ) 4NC1 
KClb 
3.22 
3.52 
(3.26) 
-0.492 
-0.698 
(-0.100) 
2.97 +0.434 
3.37 +0.640 
(3.10) (+0.014) 
a. The unprimed quantities are for a = sum of ionic radii, 3.29 ~ 
for RbCl, 5.11 ~for (CH3) 4NC1, 6.46 ~for (C 2H5) 4NC1 and 3.14 ~ 
for KCl. The primed quantities are for a= 19.92 R. 
b. For KCl, only one run was available and kf and ~ were calculated 
by taking the average of kf for RbCl, (CH3) 4Ncl and (C 2H5) 4Ncl. 
The rate constant for the free ion is the s~e for all the ionophores. 
The value of ion pair rate constant depends upon the value of parameter a. 
The ion pair rate constants calculated on the basis of a = sum of ionic 
radii are smaller than those calculated on the basis of a= q = 19.92 ~. 
The rate constants for the ion pairs lie in the same sequence as their 
dissociation constants when a= q = 19.92 ~. Comparison of the present 
results with earlier related studies establishes that in liquid sulfur 
dioxide at 0° C. the order of nucleophilic reactivity of halide ions is 
Br;> Cl when E-nitrobenzyl bromide is used as a substrate and that ion 
pairing reduces the reactivity of chloride more than it reduces that of 
bromide. 
4 
The dissociation constants for potassium chloride, rubidium chloride, 
cesium chloride and tetraethylammonium chloride in liquid sulfur dioxide 
0 
at 0 C. were determined by conductance measurements with the aid of the 
Shedlovsky procedure. The values of Jl
0 
and Kd are presented in Table II. 
TABLE II 
Limiting Conductances and Dissociation Constants of Ionophoric Chlorides 
in Liquid so 2 at 0° C. 
Ionophore 
KCl 
RbCl 
CsCl 
(C 2H5)4NC1 
Ao 
2 -1 
mhos em mole 
250 
248 
242 
221 
0.68 
0.90 
1.27 
24.7 
It is interesting to note that these conductance studies have pro-
vided evidence of solvation in liquid sulfur dioxide. The comparison of 
K for tetraethylammonium chloride and bromide (21.4 x 10-4M) indicates 
d 
that the (c
2
H
5
)
4
N+ ion penetrates the solvation shell of chloride ion less 
effectively than that of bromide. 
